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Revealed in Translation 


The ribosome, with the help of transfer RNAs 
(tRNAs), converts the triple genetic code in mes- 
senger RNA (mRNA) into protein. Upon decoding 
of a codon, the mRNA and associated tRNAs 
must be moved through the ribosome, so that 
the next codon can be read, with a new charged 
tRNA taken in at the A (aminoacyl-tRNA) site, the 
newly extended peptidyl-tRNA moved into the 

P (peptidyl-tRNA) site, and the deacylated tRNA 
removed from the exit site in the ribosome (see 
the Perspective by Rodnina). Crystal structures 
from Tourigny et al. (p. 1542), Pulk and Cate 
(p. 1544), and Zhou et al. (p. 1543), variously 
capture the prokaryotic ribosome during this 
translocation phase, revealing the hybrid states 
of the tRNAs and the substantial motions of the 
305 ribosomal subunit during the process, the 
role of elongation factor G, and suggest how 

the direction and reading frame of the mRNA is 
maintained. 


Titanium Cleaver 


A century after its discovery, the Haber Bosch 
process is still used to produce ammonia from 
nitrogen for fertilizer. Nonetheless, the process 
requires high temperature and pressure, and 
chemists continue to look for synthetic analogs 
to microbial nitrogenase enzymes, which have 
managed to slice through the N, triple bond 
under ambient conditions for millennia. Most ef- 
forts in this vein have relied on a boost from the 
reducing power of alkali metals. Shima et al. 
(p. 1549; see the Perspective by Fryzuk) instead 
explored the reactivity of a titanium hydride 


WWW.SC 


In cells, the DNA double-stranded 
helix (dsDNA) is mostly 
supercoiled—either under- or over- 
wound. RNA polymerase (RNAP) 
must transcribe though this super- 
coiled DNA. Furthermore, the act of 
transcription, which involves open- 
_ ing the double helix and threading 
the separated strands through the 
enzyme, generates supercoiling 
ahead and behind the polymerase. 
Ma et al. (p. 1580) used single- 
molecule methods to measure the 
upstream and downstream torque 
forces of Escherichia coli RNAP. 
The upstream torque was sufficient 
to disrupt dsDNA structure, and the 
stalled RNAP could also backtrack 
along the DNA. Release of the tor- 
sional stress allowed RNAP to re- 
sume transcription in vitro. 


cluster, which cleanly slices through N, at room 
temperature and incorporates the separated 

N atoms into its framework. Though ammonia 
was not produced, the system offers hope in the 
search for mild nitrogen reduction catalysts. 


A Twist on the 
Capacity Crunch 


The rate at which data can be transmitted down 
optic fibers is approaching a 
limit because of nonlinear 
optical effects. Multi- 
plexing allows data 
to be encoded in 
different modes 

of light such as 
polarization, 
wavelength, am- 
plitude, and phase 
and to be sent down 
the fibers in parallel. 
Optical angular momen- 
tum (OAM) can provide another 

degree of freedom whereby the photons are given 
a well-defined twist or helicity. Bozinovic et al. 
(p. 1545) were able to transmit high-bandwidth 
data using OAM modes in long lengths of optical 
fibers, thus providing a possible route to get yet 
more capacity through optic fiber networks. 


Lunar Mascons Explained 


The origin of lunar mass concentrations (or 
mascons), which appear as prominent bull’s-eye 
patterns on gravitational maps of both the near- 
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and far side of the Moon, has been a mystery 
since they were originally detected in 1968. 
Using state-of-the-art simulation codes, Melosh 
et al. (p. 1552, published online 30 May; see 
the Perspective by Montesi) developed a model 
to explain the formation of mascons, linking the 
processes of impact cratering, tectonic deforma- 
tion, and volcanic extrusion. 


By the Sea Side 


The Atlantic coastal plain of North America has 
been thought of as a passive margin, respond- 
ing mostly to the weight of deposited sediments. 
As a result, the fine-scale stratigraphy of the 
sediments has been used to infer changes in 
global sea level through the Cenozoic. However, 
recent work has shown that the coastal plain has 
deformed in response to flow in Earth’s mantle. 
Rowley e¢ al. (p. 1560, published online 16 
May) used a model of flow in the mantle to 
show that the topography of the mid-Atlantic 
and Southern United States coast varied by 60 
meters or more during the past 5 million years. 


Respiration Refined 


Cells derive energy from redox reactions medi- 
ated by mitochondrial enzymes that form the 
electron transport chain. The enzymes can 
form large complexes, known as supercom- 
plexes, whose function has been controversial. 
Lapuente-Brun et al. (p. 1567) discovered that 
a mouse protein, supercomplex assembly factor | 
(SCAFI), specifically modulates assembly of 
respiratory complexes into supercomplexes. 
Formation of the supercomplexes appears 
to cause electrons to be processed dif- 
ferently, depending on the substrate 
from which they are derived. 


B Cell Tug of War 


High-affinity, protective antibodies 
made by B cells are critical for providing 
long-term protection against reinfection. In 
order to produce antibodies, B cells must first 
bind to and extract antigens from the surface 
of antigen-presenting cells. Using an in vitro 
system that allows B cells to bind to antigen- 
laden, flexible membranes, Natkanski et al. 
(p. 1587, published online 16 May) show that 
antigen extraction relies on myosin I|[A—me- 
diated contractile forces that pull upon the 
antigen-presenting membrane. These forces 
break the antigen-receptor bonds if affinity 

is low, thus ensuring that B cells only extract, 
internalize, and presumably respond to, high- 
affinity antigens. 
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Additional summaries 


Water at the Bottom 
of a Well 


Earthquakes generate numerous fractures as 

they propagate through an underground fault 
zone. These fractures strongly influence the way 
in which fluids flow in the subsurface, and the 
permeability of fault zones is often used as a 
proxy for the extent of fracturing. Following the 
2008 M,, 7.9 Wenchuan earthquake in central 
China, several wells were drilled in and around 
the fault zone to understand the mechanics of 
the earthquake. Because the bottoms of these 
deep boreholes were open, the water levels in the 
wells were sensitive to tidal forces acting on the 
surrounding rock. Through continuous measure- 
ments of water levels over 1.5 years, Xue et al. 
(p. 1555) found that the rate at which water was 
pumped in and out of the borehole was propor- 
tional to the permeability of the fault zone, pro- 
viding a direct way to measure the evolution of 
the hydrologic properties of a fault zone following 
a major earthquake. Permeability decreased 
~25% during that time, suggesting that fractures 
generated in fault zones heal relatively rapidly. 


Borneo Paleohydrology 


Climate records of the last glacial cycle provide a 
good picture of how climate changed at high and 
middle latitudes, but fewer records of the tropics 
are available. Carolin et al. (p. 1564, published 
online 6 June) present data from a suite of pre- 
cisely dated stalagmites from Borneo that reveal 
how the western tropical Pacific region behaved 
between 100,000 and 15,000 years ago, a pe- 
riod during which many abrupt climate changes 
occurred in other parts of the world. While the 
hydroclimate of Borneo changed in response to 
precessional forcing, it responded only weakly 

to the forces that produced glacial-interglacial 
changes in global climate. 


Desert Soil Shuffle 


Soil microorganisms make up a substantial frac- 
tion of global biomass, turning over carbon and 
other key nutrients on a massive scale. Although 
the soil protects them somewhat from daily tem- 
perature fluxes, the distribution of these com- 
munities will likely respond to gradual climate 
change. Garcia-Pichel et al. (p. 1574, see the 
cover; see the Perspective by Belnap) surveyed 
bacterial diversity across a range of North 
American desert soils, or biocrusts—ecosystems 
in which photosynthetic bacteria determine soil 
fertility and control physical soil properties such 
as erodability and water retention. Most of the 
sites were dominated by one of two cyanobacte- 
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rial species, but their relative proportions were 
controlled largely by factors related to tempera- 
ture. Laboratory enrichment cultures of the two 
species at different temperatures also showed 
temperature as a primary determining factor 

of bacterial diversity. It is unknown if tempera- 
ture will affect the distribution of other soil 
microorganisms, but the marked shifts of these 
two keystone bacterial species suggest further 
change is in store for these delicate ecosystems. 


Threading Through 


Protein antibiotics (bacteriocins) are frequently 
deployed by Gram-negative bacteria to combat 
competitors, a trait common in pathogens such 
as Escherichia coli, Yersinia pestis, Pseudomo- 
nas aeruginosa, Xanthomonas campestris, and 
Klebsiella pneumonia. As a result, bacteriocins 
are being developed as species-specific antibac- 
terials. Bacteriocins must establish a translocon 
at the bacterial outer membrane in order to 
translocate into cells. Working in E. coli, Hous- 
den et al. (p. 1570) describe how the deoxyri- 
bonuclease, colicin E9, crosses the bacterial cell 
membrane by threading through a porin. 


Stopping Transcription 


It is as important to terminate any biological 
process as it is to start it. Transcription, copying 
information encoded in genes into RNA, requires 
accurate and timely termination. Nielsen et al. 
(p. 1577) present a mechanism for transcription 
termination by RNA polymerase Ill, the enzyme 
that synthesizes the majority of RNA molecules 
in eukaryotes. In this scenario, the folding of 
the RNA as it is transcribed by polymerase into a 
highly structured transcript causes termination 
at the end of its synthesis. This mechanism may 
serve as a control of proper folding of structural 
or catalytic RNAs synthesized by RNA poly- 
merase III. Comparison with other organisms 
suggests that this mechanism emerged before 
divergence of bacteria and eukaryotes. 


Unreactive Death 


A controversial proposal that all bactericidal 
antibiotics kill by reactive oxygen species (ROS) 
and not by their primary cell target has recently 
attracted high-profile refutations. The ROS-death 
pathway implicated overstimulation of the elec- 
tron transport in respiratory chains; a malfunction 
that leads to ROS releasing Fe from Fe-S clusters 
and causing cell death via Fenton chemistry. 
Ezraty et al. (p. 1583) show that electron trans- 
port chains and Fe-S clusters are key to killing by 
aminoglycoside antibiotics but not for the reasons 
envisioned in the ROS theory. Fe-S clusters are 
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essential for killing because they mature the 
respiratory chains that produce the necessary 
proton motive force for the energized uptake of 
aminoglycosides. Consequently, iron chelators 
protect against aminoglycosides, not because 
they scavenge the iron from Fenton chemistry, 
but because they block aminoglycoside uptake. 


Understanding Star 
Formation 


Understanding how galaxies and the chemical 
composition of the universe evolved through 
cosmic time relies on unraveling the history of 
star formation over 
the universe's almost 
14-billion-year 
history. Mac Low 

(p. 1541) reviews 
the conditions of 
star formation in 
galaxies, focusing 

on the smaller-scale 
physics determin- 
ing the conversion 

of gas into stars. Progress in understanding and 
modeling these processes and in observing galax- 
ies at ever-earlier times are expected to lead to 

a convergence between model predictions and 
observations and to a full understanding of the 
cosmic history of star formation. 


A Direct Line in the Brain 


For decades, neuroscientists have assumed 

that there is a “canonical microcircuit” in the 
neocortex, in which information is transformed as 
excitation spreads serially along connections from 
thalamus, to cortical layer 4, then to layers 2/3, 
to layers 5/6, and finally to other brain regions. 
Each cortical layer is thought to transform sensory 
signals to extract behaviorally relevant informa- 
tion. Now, Constantinople and Bruno 

(p. 1591) challenge this dogma. In vivo whole- 
cell recordings revealed that sensory stimuli 
activate neurons in deep cortical layers simul- 
taneously to those in layer 4 and that a large 
number of thalamic neurons converge onto deep 
pyramidal neurons, possibly allowing sensory 
information to completely bypass upper layers. 
Temporary blockade of layer 4 revealed that 
synaptic input to deep cortical layers derived 
entirely from the thalamus and not at all from 
upper cortical layers. This thalamically derived 
synaptic input reliably drove pyramidal neurons 
in layer 5 to discharge action potentials in the 
living animal. These deep layer neurons project to 
numerous higher-order brain regions and could 
directly mediate behavior. 
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The Science of Sustainability 


THE QUESTION OF WHAT CAN BE ACHIEVED IN 1000 DAYS HAS PREOCCUPIED KINGS, QUEENS, 
presidents, and, very recently, the Secretary-General of the United Nations (UN). Ban Ki- 
moon has not only appealed for a last big push to reach as many as possible of the UN’s Mil- 
lennium Development Goals (MDGs) by the deadline of 31 December 2015, he is advocating 
the establishment of objectives that should succeed the MDGs as well. Strong clues about the 
shape of the post-2015 agenda can be found in two recent reports, one published last month by 
a High-Level Panel* convened by Ban Ki-moon and chaired by the presidents of Indonesia and 
Liberia and the prime minister of the United Kingdom, and the other released this month by 
the Sustainable Development Solutions Network. Both reports list the eradication of poverty 
as the number-one priority and set out complementary goals concerned with gender equality, 
education, health, food, water and sanitation, climate change, energy, employment, natural 
resources, governance, peace, and finance. These reports are unlikely 
to be the last contributions to the debate, but the proposed goals repre- 
sent a call to action for the science community. 

The plain truth is that it is not clear how these goals will be met, but 
it is evident that to fill the development gap, we must fill the knowl- 
edge gap from many different sources. More than ever, multidisci- 
plinary research must be treated not as a formulaic insert on grant 
applications but as an immediate development necessity. Healthy 
lives do depend on food security. Poverty reduction does depend on 
jobs and equitable growth. Good governance is critical everywhere. 

Two cross-disciplinary experiences amplify the point. Building 
resilience to natural hazards, such as hurricanes and earthquakes, and 
reducing deaths from them are subcomponents of eradicating poverty, 
because the poor suffer disproportionately from such events. Much 
progress has been made in building resiliency through collaborations 
between geoscientists, engineers, and architects; there are now early warning mechanisms, 
reinforced shelters, and improved modeling of complex events to target populations at risk. 
But the effectiveness of these remedies also depends on how vulnerable people weigh the risks 
to life and limb against the cost of abandoning property. So the best plans for risk mitigation 
should be informed by social sciences as well. Protecting people against risk is also central to 
achieving universal health coverage, a unifying goal in global health today. The twin questions 
of who is most at risk of impoverishment due to illness and what are the best ways to provide 
them with financial protection, call for a blend of epidemiology and welfare economics, set 
against the backdrop of societal preference. Universal health coverage requires services, not 
only for the treatment of illness but also for prevention, which may need a combination of edu- 
cational, environmental, public health, and policy measures. 

The two reports present a vast landscape of research possibilities. Research priorities must 
emerge from a global debate involving scientists, private investors, public funding agencies, 
and policy-makers, without forgetting the people who might benefit from the research. A guid- 
ing research agenda could stimulate fresh ideas and perhaps give renewed impetus to old ones. 
It would help strengthen research capacity around the world, fostering new institutions and 
networks, training high-caliber researchers, and generating data, ideally as an open and shared 
resource. It would also bring a responsibility, or at least an opportunity, to translate research 
results into action. 

Although the post-2015 development agenda is still a draft, it is shaping up to be a huge 
and exciting challenge for science. For those ready to take it on, there is no need to wait until 
January 2016. — Christopher Dye and Marcia McNutt 

10.1126/science.1242219 


*www.post2015hlp.org/wp-content/uploads/2013/05/UN-Report.pdf. +unsdsn.org/files/2013/06/130613-SDSN-An-Action- 
Agenda-for-Sustainable-Development-FINAL.pdf. 
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Teething Signs 


Bisphenol A (BPA) is used in the production of polycarbonate plastics, which are widely used in 
the food packaging industry. Because of this, some developed-world populations have become 
extensively contaminated with BPA, which is a known endocrine-disrupting chemical. This class 
of chemicals has been linked to a set of adverse health effects, including infertility, obesity, 
and cancer. Jedeon et al. show that exposing rats to BPA in utero and during early life can af- 
fect the deposition of enamel on their teeth (amelogenesis), resulting in hypomineralization. 
This condition shares a number of features with the recently described human condition known 
as molar incisor hypomineralization, which manifests as patchy white opacities on the teeth of 
children at 6 to 8 years of age. Like molar incisor hypomineralization, the dental effect in rats 
is limited to a developmental window. BPA may act by interfering with the expression of an 
ameloblast protease that removes enamel-forming proteins from the enamel matrix; if these 
proteins were to persist, they would inhibit proper enamel deposition. If the defect in tooth 
development seen in rats is a good model for molar incisor hypomineralization, then this con- 
dition might provide a visible marker for infant exposure to BPA. — GR 


GENETICS 
Of Hinnys and Mules 


Imprinting—the silencing of genes due to the 
methylation of specific DNA sequences coming 
from one parent—is known to play a crucial 
role in the development of the placenta in 
mammals. The offspring of matings between 
horses and donkeys are generally viable, but 
sterile. However, because of genetic differ- 
ences between the species, estimated via RNA 
sequencing, Wang et al. were able to as- 

sess transcription differences and to identify 
equid-specific imprinted genes in the chorionic 
girdle that do not appear to be due to their 


hybrid status. Of 40 known imprinted genes in 
humans and/or mice, only 15 were imprinted 
in the equine offspring. They also identified 93 
imprinted genes, including 78 not previously 
described, that showed distribution across the 
genome and not in clusters, as had previously 


Am. J. Pathol. 183, 109 (2013). 


been observed for imprinted genes. Further- 
more, imprinted genes appear to show specific 
differences between equids versus humans and 
mice, suggesting that equine hybrids may pro- 
vide information on the evolutionary origins and 
maintenance of genomic imprinting. — LMZ 
Proc. Natl. Acad. Sci. U.S.A. 110, 10.1073/ 
pnas.1308998110 (2013). 


NEUROSCIENCE 
A Less Selective Inhibitor 


The most widely used antidepressant drugs are 
selective serotonin reuptake inhibitors. They 
block the high-affinity serotonin transporter and 
thereby prevent the retrieval of sero- 
tonin from the extracellular fluid into 
nerve terminals. Unfortunately, many 
individuals suffering from depression 
experience minimal or no improve- 
ment when taking these drugs; new 
medications would help patients who 
respond poorly to selective serotonin 
reuptake inhibitors. The organic cation 
transporters and the plasma membrane 
monoamine transporter have low affin- 
ity for serotonin but a high transport 
capacity. Decynium-22 is an inhibitor 
of this group of transporters and has 
been shown to block serotonin uptake 
into brain synaptosomes. Horton et al. report 
that the antidepressant-like effect of a selective 
serotonin reuptake inhibitor can be strengthened 
significantly by coadministration of decynium-22. 
This group of decynium-22-sensitive trans- 
porters may thus be a promising target for the 


development of new antidepressant drugs. These 
drugs might act either in combination with exist- 
ing antidepressants or perhaps all on their own 
by blocking one or more of the organic cation 
transporters or the plasma membrane mono- 
amine transporter. — PRS 

J. Neurosci. 33, 10534 (2013). 


CELL BIOLOGY 
Centrosome Surfeit 


Centrosome amplification is a hallmark of hu- 
man tumors and is associated with aneuploidy 
and tumorigenesis. In fruit flies, even when 
extra centrosomes do not induce high levels 
of aneuploidy, spindle position defects cause 
an expansion of the neural stem cell (NSC) 
population and subsequent tumor formation. 
To investigate the consequences of centrosome 
amplification on mammalian NSCs during 
embryonic development, Marthiens et al. 
developed a mouse model in which centrosome 
numbers were increased in the developing cen- 
tral nervous system. Surprisingly, centrosome 
amplification caused microcephaly—a brain of 
reduced size but with otherwise normal archi- 
tecture. This microcephaly resulted from defects 
in NSC division, which generated aneuploid 
cells that went on to die by apoptosis. These 
results may explain the etiology of certain 
types of microcephaly, which in humans have 
been associated with a number of centrosomal 
genes, and suggest that in the mammalian 
developing brain, centrosome amplification can 
cause depletion of the NSC pool. — SMH 

Nat. Cell Biol. 15, 10.1038/ncb2746 (2013). 
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GEOCHEMISTRY 
Siderite in Time 


Banded iron formations are some of the oldest 
existing rocks that provide direct evidence 

of ancient sedimentary processes before Earth’s 
atmosphere oxidized. The alternating layers 

of iron-rich minerals probably reflect changes 
in Precambrian seawater chemistry, but the 
numerous abiotic and potentially biotic reac- 
tions that resulted in their formation remain 
difficult to decipher. Based on high-pressure 
and high-temperature experiments, Kohler 


et al. show that the iron-carbonate mineral 
siderite (FeCO;) forms as a consequence of the 
concomitant burial of iron oxyhydroxide miner- 
als and organic matter. Because the reactions 
depend on the amount of sedimentary organic 
matter, which was probably microbial in origin, 
these spheroidal siderite grains may serve as an 
indicator of ancient microbial metabolisms. In a 
series of related laboratory experiments, Kim et 
al. show that siderite in the Precambrian water 
column could photo-oxidize to form molecular 
hydrogen and iron oxide minerals that served 
as building blocks of banded iron formations. If 
global in scale, this abiotic process could have 
contributed to the early oxidation of Earth's 
atmosphere and provided an energy source for 
anaerobic microorganisms. — NW 


Nat. Comm. 4, 1741 (2013); Proc. Natl. Acad. Sci. 
U.S.A. 110, 10.1073/pnas.1308958110 (2013). 


ATMOSPHERIC SCIENCE 
Green Gains 


Satellite-based observations have shown that 
many regions of the terrestrial biosphere are 
getting greener; i.e., their above-ground veg- 
etative mass is increasing. A number of factors, 
including changes in light, water, nutrients, 
and land use, could be causing that trend, 


EDITORS'CHOICE 


although the most obvious cause would seem 
to be the rising concentration of CO, in the 
atmosphere. Donohue et al. used gas exchange 
theory, which links vegetation mass to the con- 
centration of atmospheric CO, through its effect 
on the water use efficiency of plants, to predict 
that the increase of atmospheric CO, between 
1982 and 2010 should have produced an 
increase in the amount of green foliage be- 
tween 5 and 10%. The authors then confirmed, 
based on satellite measurements, that the 
amount of vegetation increased by about 11% 
in warm, arid environments, where other factors 
affecting greenness should 
be unimportant. Although 
these findings cannot be used 
to explain changes in green- 
ness in other regions, where 
different drivers may control 
vegetation, the principle still 
applies, and so the challenge 
is to develop a more general 
understanding of how increas- 
ing CO, is affecting vegetation 
in other environments, where 
the other forcing factors are 
more important. — HJS 
Geophys. Res. Lett. 10.1002/ 
grl.50563 (2013). 


MATERIALS SCIENCE 
Magnetic Titanium 


The interface of SrTiO, and LaAlO; has puzzled 
physicists for some time now—it is not only 
highly conductive (and under certain circum- 
stances even superconducting), it also exhibits 
magnetism even though neither of the two 
oxides is magnetic. Various explanations have 
been proposed for this unexpected magne- 
tism, ranging from the presence of magnetic 
impurities or defects to an intrinsic property of 
the interface. Lee et al. used chemical-element— 
specific spectroscopic techniques to pinpoint 
the “host” of the magnetism. The analysis of 
the spectra indicated that the magnetic mo- 
ments responsible for the magnetism were lying 
in the plane of the interface and were carried 
by Ti atoms, whereas comparison with calcula- 
tions revealed similarities with spectra expected 
for the Ti?* valence state of Ti. Furthermore, 
varying the thickness of the LaAlO; overlayer 
indicated that the Ti magnetic moments were 
located at the interface. Taken together, these 
results lend support to the intrinsic origin of 
the magnetism at the interface, although the 
role of, for example, oxygen defects cannot be 
entirely excluded. — JS 

Nat. Mater. 10.1038/nmat3674 (2013). 
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Washington, D.C. 1 
DOE Labs Need Shakeup 


A new report says that the U.S. Department 
of Energy needs to remove the red tape pre- 
venting its 17 national research laboratories 
from building stronger ties to industry. The 
report, from think tanks holding the left, 
right, and central ground politically, says 
that the labs are stuck in a Cold War-era 


EL. 


\ NATIONAL RENEWABLE ENERGY LABORATOT 


Energized: NREL is part of DOE network. 


management structure that is particularly 
chafing in an era of tightening budgets. The 
report recommends a single bureaucratic 
overseer, greater flexibility for contractors, 
and market-based prices for industry to 

use the lab’s extensive facilities. “The labs 
have been largely running on autopilot for 


NOTED 

>Speaking this week at Georgetown Uni- 
versity about climate change, President 
Barack Obama reiterated how his admin- 
istration plans to limit carbon emissions 
from power plants and other sources, 
improve the energy efficiency of appli- 
ances and buildings, create more green 
energy on federal lands, and promote 
mitigation and adaptation strategies 
without requiring action by Congress. 


too long,” the report’s authors conclude. “A 
jolt to the system is needed now more than 
ever.” http://scim.ag/DOElabs 


Tokyo 2 


Japanese Minister Defends 
Emphasis on Targeted Research 


Japanese scientists want more details about 
a government proposal for a new fund- 

ing entity to support applied biomedical 
research. The heads of 50 academic orga- 
nizations want the government to maintain 
funding for investigator-initiated, innovative 
approaches as well as continuing its support 
for younger scientists. 

“We have no intention to tie down the 
people who are involved in very fundamen- 
tal research,” says Akira Amari, minister 
for economic revitalization, about the gov- 
ernment’s plans for a Japanese version of 
the U.S. National Institutes of Health that 
would “strongly support the commercializa- 
tion of innovative medical technologies.” 
At the same time, Amari told scientists that 
“it is very important to have someone in [a 
research] group who can look at the indus- 
trialization or commercialization aspects 
and provide some direction to the research.” 
http://scim.ag/JapanResearch 


Washington, D.C. 3 


House Panel Seeks Changes 
In NASA Programs 


NASA would be forced to shelve an initia- 
tive to capture an asteroid and re-embark on 
a plan to establish a base on the moon under 
legislation authored by Republican law- 
makers in the U.S. House of Representatives 
who have long butted heads with the Obama 
administration’s vision for the space agency. 
The draft bill, vetted last week at a hearing 


Moonstruck. Bill backs lunar base. 


of the House science committee, would also 
downsize NASA’s Earth Science portfolio— 
a program that the Obama administration 
would like to see grow—and redirect some 
of those funds to planetary science. 

The bill’s proponents are particularly 
opposed to NASA’s proposal to capture an 
asteroid and drag it into a lunar orbit, call- 
ing it a “costly and complex distraction 
[that] lacks in details, a justification or sup- 
port from NASA’s advisory bodies.” 
http://scim.ag/NASAchanges 


Phnom Penh 4 
New Treasures at Angkor Wat 


Airborne laser imaging, or LIDAR, has 
revealed the imprint of a vast medieval 
cityscape surrounding Angkor Wat, Earth’s 
largest religious monument. The findings 
were unveiled last week at a U.N. World 
Heritage meeting in Phnom Penh. 

The Angkor kingdom was the heart of the 
Khmer Empire of the 9th to 15th centuries 
C.E., and Angkor was the most extensive 
city of its kind in the preindustrial world. The 
helicopter-borne survey, in April 2012, laid 
bare the imprints of a 9th century city, known 
from inscriptions as Mahendraparvata. The 
findings, in press at the Proceedings of the 
National Academy of Sciences, also lend 
weight to a hypothesis that the complexity of 
Angkor’s vast waterworks was its ultimate 
undoing. http://scim.ag/AngkorLiDAR 


THEY SAID IT 


“The stem of the flower is STEM 
education, and the humani- 
ties are the blossom. Without 
the blossom, the STEM is 
completely useless.” 

—A new report from the American 
Academy of Arts and Sciences, 
The Heart of the Matter, makes the 


case for increased support for the 
humanities and social sciences. 
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NEWSMAKERS 
Into the Breach at Fermilab 


The new director of the sole U.S. particle 
physics lab inherits an institution in transi- 


tion. Nigel Lockyer, now director of the Cana- 
dian lab TRIUME takes the reins at the Fermi 


National Accelerator Laboratory (Fermilab) 
in Batavia, Illinois, on 3 September. 
Lockyer, 60, a U.S. 
citizen who was raised 
in Canada, has long 
worked on experiments 


was shuttered in 2011, 
and the lab is struggling 
to launch its next mega- 
project, the Long- 
Baseline Neutrino Experiment (LBNE), 
which has been chopped down from its origi- 
nal $1.9 billion design. Since 2010, Fermi- 
lab’s budget has fallen by 8% to $366 million. 
_ _ Particle physicist H. H. “Brig” Williams 
2 Of the University of Pennsylvania thinks that 
3 Lockyer is up to the challenges. “He sleeps 
% 4 or 5 hours and has tremendous energy,” 
Williams says. “He can do things I wouldn’t 
even try.” In particular, Williams hopes that 
Lockyer will try to restore the original scope 
of LBNE. http://scim.ag/NLockyer 


a 


Lockyer 


NASA, 


World Food Prize 


= Three scientists who made key contribu- 

= tions to the development of genetically 

© modified crops will share this year’s World 
fe Food Prize. Working at the Ghent Univer- 

8 sity Medical School in Belgium, Marc Van 
@ Montagu and colleagues discovered in the 


(ORLD FOOD PRIZE 2013 (3); 


Van Montagu 


1970s that a ring of DNA, called a plasmid, 
in the microbe Agrobacterium tumefaciens 
caused a plant disease called crown gall. 
Then, in 1983, Robert Fraley of Monsanto 
and Mary-Dell Chilton at Washington Uni- 
versity in St. Louis independently figured 
out how to use Agrobacterium to swap for- 
eign genes into plants. The prize, founded 
by plant breeder Norman Borlaug in 1986 
to recognize improvements to the amount 
and quality of food worldwide, is $250,000. 
5 http://scim.ag/FoodPrize 
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FINDINGS 


Women Biologists Avoid 
Spotlight at Conferences 


A new study finds that women are much less 
likely than men to accept invitations to speak 
at major biology conferences. A report in the 
Journal of Evolutionary Biology found that 
only 16% of invited speakers at the Euro- 
pean Society for Evolutionary Biology Con- 
gress between 2001 and 2011 were women, 
half their presence in the overall pool of 
senior life scientists, and that they were 
twice as likely as their male counterparts 

to turn down an invitation to talk in slots 
reserved for presenting original and impor- 
tant work. At the same time, the number of 
female presenters of posters and uninvited 
talks was almost at parity with men. 

Possible reasons include the large number 
of such invitations, tight budgets, and anxi- 
ety about balancing the demands of family 
and work. The authors, Julia Schroeder of 
the Max Planck Institute for Ornithology in 
Germany and Hannah Dugdale of the Uni- 
versity of Sheffield in the United Kingdom, 
say that the next step is to find out why so 
many women say no. “Then we [will] know 
what can be done to change their minds,” 
Schroeder says. http://scim.ag/BioWomen 


Championing the sharing of data can sometimes be a lonely pursuit, says art historian 
William Noel, one of 13 people honored by the White House last week for promoting so- 
called open science. “I feel like I’ve been handed the first telephone and have nobody to 
talk to,” says Noel, who has helped digitize centuries-old scientific and medical tomes 


The 20 June event, part of an Obama administration initiative called “Champions of 
Change,” highlighted projects ranging from astrophysics to genomics. Some research- 
ers have been slow to embrace the new technologies, says Noel, director of special col- 
lections at the University of Pennsylvania: “People have to relearn how to release their 
data.” And pediatrician and bioinformaticist Atul Butte of Stanford University in Califor- 
nia chided his fellow researchers for “having to come to the White House to talk about 
something we were taught to do in kindergarten.” The 2-hour discussion is posted on 
the White House website, but the poster sessions and reception were by invitation only. 


Voyager's Not Gone Yet 


Last summer, it looked like the Voyager 1 
spacecraft might have finally reached its ulti- 
mate destination. Thirty-five years out from 
Earth and three times farther from the sun 
than Pluto, the decrepit spacecraft reported 

a sharp drop in plasma blowing out from the 
sun and a sharp jump in cosmic rays stream- 
ing in from out in the galaxy. 

But three papers published online this 
week in Science conclude that Voyager | has 
not left the heliosphere—the sun’s magnetic 
bubble inflated by its blowing plasma—and 
entered interstellar space. That’s because 
Voyager found no 
accompanying switch 
from the magnetic field 
spiraling out from the 
sun to the magnetic field 
of interstellar space. 

Instead, Voyager has 
discovered a hybrid part 
of the heliosphere lying 
between the heliosphere 
proper and true inter- 
stellar space. And nobody knows how far 
that hybrid extends and when the spacecraft 
will actually make humankind’s first contact 
with interstellar space. 
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INFLUENZA 


Dueling Reviews for 
Controversial Flu Drug 


BRUSSELS—Were the billions of dollars 
that governments spent on the antiviral drug 
Tamiflu to protect their populations from a flu 
pandemic a waste of money? For years now, 
an international group of researchers has said 
the answer may well be yes. Working under 
the umbrella of the Cochrane Collabora- 
tion, a global network of scientists reviewing 
medical evidence, the group says it’s not clear 
that Tamiflu (also known as oselta- 
mivir) can prevent complications 
from influenza or keep people out of 
the hospital. It has also waged a vig- 
orous campaign calling on Roche, 
Tamiflu’s manufacturer, to make 
public a series of unpublished trials 
on the drug. 

But many influenza research- 
ers believe that Tamiflu is benefi- 
cial—and now, they’re planning 
an alternative review of the drug. 
At a meeting here on 18 June, sev- 
eral members of the new Multi- 
party Group for Advice on Science 
(MUGAS)—which also includes 
statisticians and epidemiologists— 
said that the Cochrane panel hasn’t 
given Tamiflu a fair shake, and they 
questioned its expertise. 

In turn, the Cochrane Acute 
Respiratory Infections Review Group—one 
of more than 50 Cochrane panels continu- 
ously sifting through medical evidence on 
therapies and devices—questions the new 
effort because it’s sponsored by Roche, and 
three of the four people behind the initiative 
have ties to the company, including its chair, 
Albert Osterhaus of Erasmus MC in Rotter- 
dam, the Netherlands. “This group is not inde- 
pendent,” says Tom Jefferson, an epidemiol- 
ogist in Rome leading the Cochrane group. 
Jefferson and two other Cochrane invitees to 
the MUGAS meeting declined to attend. 

The stakes are high, because the Cochrane 
analysis—and the fight over publication of 
the data—is eroding confidence in Tamiflu. 
At the recommendation of the World Health 
Organization and influenza scientists, many 
countries started building stockpiles of the 
drug after 2004, when fears of an HSN1 pan- 
demic began running high. The Cochrane 


analysis, published in 2009 and updated in 
2012, has fed doubts about that decision. 
A parliamentary committee in the United 
Kingdom is now conducting an investiga- 
tion into the decision to spend £500 million 
on Tamiflu; Peter Getzsche, director of the 
Nordic Cochrane Centre in Copenhagen, last 
year called on European governments to sue 
Roche to get their money back. 


Worth the money? Many governments have stockpiled the influenza drug 
Tamiflu in case of a pandemic. But some scientists question how well it works. 


The evidence for Tamiflu has never 
been all that impressive. Roche conducted 
12 randomized controlled trials with Tami- 
flu in adults between 1997 and 2001, and 
it’s beyond dispute that if given in the first 
2 days after symptoms appear, the antiviral 
can shave about a day off the time that people 
feel sick—a modest gain, but enough to con- 
vince regulators to approve it for use in both 
seasonal and pandemic influenza. 

The more important question, however, 
is whether Tamiflu can also prevent deaths 
from influenza, complications such as bac- 
terial pneumonia or bronchitis, and hospi- 
talizations, a major issue during pandemics 
because they can overburden the medical 
system. The trials weren’t large enough to 
answer that question; very few flu patients die 
or have complications to begin with, and their 
numbers were too small to show a statistically 
significant benefit from Tamiflu. 


However, by combining the studies in 
a so-called meta-analysis, a Roche-funded 
team led by Frederick Hayden and Laurent 
Kaiser of the University of Virginia found 
that Tamiflu reduced the risk of complications 
and hospitalizations. Their 2003 paper was 
widely cited in recommendations to stockpile 
the drug. The meta-analysis was repeated in 
2011 by Miguel Hernan and Marc Lipsitch 
at Harvard University—this time without 
Roche funding and with a slightly different 
methodology—who also saw an effect on 
severe complications but did not draw con- 
clusions on hospitalization. 

Only two of the studies underlying these 
meta-analyses have been published, however; 
data from the rest were provided in confi- 
dence to the researchers by Roche. 
Having only the published studies 
to go on, the Cochrane researchers 
concluded in their 2009 report that 
there is no evidence to support the 
contention that Tamiflu prevents 
complications. They, with strong 
support from BM/, have since lob- 
bied Roche to release all the trial 
data. They scored a victory in 
March, when Roche issued a new 
data policy that gives scientists 
access to raw data on drug trials 
provided they have a solid analysis 
plan. (Privacy-sensitive or com- 
mercially important data will be 
redacted, however.) In early June, 
the company sent the Cochrane 
group a DVD with the first batch 
of Tamiflu data; “So far, [Roche] 
seems to do what they have prom- 
ised,” Jefferson says. The Cochrane group 
plans to update its analysis. 

Osterhaus agrees that it’s time for another 
Tamiflu review, but he and others at the meet- 
ing were doubtful that the Cochrane group 
has the necessary expertise; for instance, 
there have been glaring errors in the group’s 
statistical approach, says Stephen Senn, head 
of the Luxembourg government’s Compe- 
tence Center for Methodology and Statistics 
and a member of the MUGAS group. 

In Brussels, the group decided that it will 
also take into consideration so-called obser- 
vational studies, in which patients aren’t ran- 
domized and blinded to their treatment. The 
Cochrane group considered only randomized 
controlled studies, the gold standard in med- 
ical evidence; observational studies carry 
a higher risk of bias but they shouldn’t be 
simply disregarded, says Jonathan Nguyen- 
Van-Tam of the University of Nottingham in 
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the United Kingdom, a member of MUGAS. 
An as-yet unpublished analysis by Van-Tam’s 
group of observational data from around 
the world has shown that Tamiflu prevented 
deaths during the 2009 H1IN1 pandemic, a 
hectic period in which randomized studies 
would have been hard to organize or get ethi- 
cal approval for. 

Roche has promised MUGAS full access 
to all its Tamiflu data, but is also bankroll- 
ing the effort with an unrestricted grant. 
That, and some members’ current or past 


STEM CELL RESEARCH 


financial ties to the company, make the new 
review problematic, Jefferson says. More- 
over, many of the members have been long- 
time advocates of Tamiflu, making it diffi- 
cult for MUGAS to do an unbiased exam- 
ination, says epidemiologist Peter Doshi 
of Johns Hopkins University in Baltimore, 
Maryland, another member of the Cochrane 
group. Given the billions spent, “there’s a 
strong incentive to come to a conclusion that 
supports their earlier position,” he says. 
Osterhaus promises that the panel he chairs 


will let the data speak and says MUGAS is 
transparent about its conflicts of interest; the 
review will be published regardless of the out- 
come. The group may tackle other issues as 
well, such as influenza vaccines—which the 
Cochrane group has also criticized as being 
far less effective than widely assumed. Can 
MUGAS settle such debates? “I’m not sure,” 
says Hayden, who’s also a member. “I’m 
afraid it will be our story and the Cochrane 
story—and the confusion will continue.” 
—MARTIN ENSERINK 


Chimeric Embryos May Soon Get Their Day in the Sun 


TOKYO—Growing human body parts in 
pigs could alleviate a worldwide short- 
age of donated organs. But are such organ 
farms ethical? 

Last week, a Japanese ethics panel 
decided that they are, recommending that the 
government lift a ban on certain experiments 
that mix human cells with those of other 
animals. But the scientist who is pioneer- 
ing this research area and who pushed for an 
end to the ban, stem cell biologist Hiromitsu 
Nakauchi of the University of Tokyo, is plan- 
ning to set up a lab in California, bringing the 
debate—and the possible benefits—to the 
United States. 

Nakauchi has been pursuing the idea of 
implanting human pluripotent stem cells into 
pig embryos genetically engineered to be 
incapable of developing their own pancreases. 
These cells could be either embryonic stem 
cells or, preferably, induced pluripotent stem 
(iPS) cells. iPS cells derived from a patient’s 
own skin or other tissue should avoid immune 
rejection, because the generated organ would 
genetically match the recipient. If all goes 
to plan, the stem cells would develop into 
human pancreases in the pig fetus. (Mouse 
experiments have shown that pluripotent 
cells can fill the developmental niche opened 
by the absence of an organ.) After the pig- 
let’s birth, the pancreas would be harvested 
and islet cells isolated for transplantation into 
human type | diabetes patients, whose islets 
either no longer produce insulin or produce 
too little of the sugar-regulating hormone. 

“The construction of tissues and organs 
in chimeric animals is a very promising 
approach,” says Markus Grompe, a stem cell 
scientist at Oregon Health & Science Univer- 
sity in Portland. “If successful, [Nakauchi’s] 
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method would clearly be superior to in vitro 
differentiation.” But the work is ethically 
fraught. “I suspect that a lot of scrutiny would 
be given to this research,” says Nancy King, 
a bioethicist at Wake Forest University in 
Winston-Salem, North Carolina. 

In a milestone on the road to a human-pig 
chimera, Nakauchi’s team in a paper in Cell 


Opinion in Genetics & Development. 
Nakauchi’s group has since gone further, 
generating pancreases for one pig species in 
apancreatic embryos of a different pig spe- 
cies, as they reported in the Proceedings of 
the National Academy of Sciences in Febru- 
ary. Pig organs are similar in size to ours, so it 
should be possible to harvest a human organ 


Gooking Up a Chimera 


vig 


iPS cells 


tra intation 


Injection of human iPS cells into 
blastocysts genetically modified to 


lack specific organs 


Generation of a human 
organ in livestock animals 


And a side of pancreas, please. To alleviate a shortage of donated organs, researchers aim to grow human 
organs in pigs. First up are pancreases. Human pluripotent stem cells would be implanted in pig embryos inca- 
pable of developing their own pancreases; the stem cells should develop into human pancreases in the pig fetus. 


in 2010 described using rat stem cells to grow 
pancreases in apancreatic mouse embryos. 
“This work paves the way to the generation 
of human replacement organs within devel- 
oping animals,” wrote John Gurdon, a devel- 
opmental biologist and Nobel laureate at the 
University of Cambridge in the United King- 
dom, and colleagues last October in Current 
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grown for transplantation when it is the right 
size for an intended recipient. Getting the 
technique to work in pigs “is quite remark- 
able,” says stem cell researcher Sean Wu of 
Stanford University in California, who feels 
that there is “a very reasonable chance” of 
generating human tissues from iPS cells. If 
the approach succeeds, Nakauchi and others 
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say, it might be applied to other organs, 
including kidneys and hearts. 

Wu explains that there are difficul- 
ties getting stem cells to properly mature 
in vitro and challenges in generating 
them in the quantities needed for large 
organs. David Ayares, CEO of Revivi- 
cor, a regenerative medicine company in 
Blacksburg, Virginia, agrees that grow- 
ing complex organs in vitro “requires 
more research.” Ayares says the chal- 
lenges of growing tissues in vitro and the 
shortage of donated human organs has 
led several groups, including Revivicor, 
to study xenotransplantation: the trans- 
fer of living cells, tissues, or organs from 
one species, usually pigs, to humans. 
Nakauchi’s method is another alterna- 
tive that could reach the clinic first. But 
working out the details of growing human 
organs in pigs, Wu warns, will be “extremely 
difficult.” There is a risk of inadvertently 
transplanting harmful pig pathogens into a 
human along with an organ. And the recip- 
ient’s immune system could reject a trans- 
planted organ—even a genetic match—if it 
carries stray pig cells. 

In Japan, current national guidelines 
governing stem cell research allow mix- 
ing human and animal material in vitro for 
14 days but forbid in vivo experiments. “I 
have been asking the government to change 
the guidelines for 2-and-a-half years,” 
Nakauchi says. On 18 June, the Expert Panel 
on Bioethics of the Council for Science and 
Technology Policy, the nation’s highest sci- 
ence advisory body, took a step in that direc- 
tion by recommending an overhaul. 

Panel members acknowledge that a 
revision is long overdue. “The guidelines 
were written over 10 years ago, when there 
weren’t any examples of the kind of research 
Nakauchi wants to do,” says panelist Kaori 


U.S. GRADUATE EDUCATION 


i 
Chomping at the bit. After pushing the Japanese government 


to lift a ban on experiments essential to moving his research 
forward, Hiromitsu Nakauchi may continue his work at Stanford. 


I 


Muto, a research ethicist at the University of 
Tokyo. She says that the panel was respond- 
ing not just to Nakauchi, but also to concerns 
that current restrictions are impeding sev- 
eral promising lines of stem cell research. 
The panel, which unanimously endorsed the 
decision, feels current rules are too restrictive 
and that ethical judgements should be based 
on “the specific research plan and the tech- 
nology involved,’ Muto says. The action now 
moves to an education ministry committee 
that will revise the guidelines—a process that 
Muto says could take a year or more. 

Nakauchi is already anxious. His team’s 
papers offer a road map for exploiting the 
approach, and he knows of at least one group 
in China planning to follow up. To maintain 
momentum, Nakauchi is now negotiating 
to set up a lab at Stanford University, using 
a $6.2 million, 6-year grant he has just won 
from the California Institute for Regenera- 
tive Medicine. (Such grants have to be used 
within California.) 

U.S. approval for the controversial 


research is not guaranteed. King notes 
that there are no relevant national laws, 
and the U.S. National Academies’ 
Guidelines for Human Embryonic Stem 
Cell Research do not prohibit creating 
human-animal chimeras. But they do 
flag for special attention any experi- 
ments that could introduce human cells 
into a chimera’s germ line—the genetic 
material passed on to offspring—or into 
the brain. According to the guidelines, 
the concern is that “human characteris- 
tics might be exhibited in the animal.” 
A worst-case scenario, Grompe says, is 
that “in theory we could end up with a 
human embryo gestating in a pig.” 

The academies’ guidelines recom- 
mend that chimeras be prevented from 
breeding, to ensure human cells do not 
enter an animal’s germ line. Keeping human 
cells from migrating to the brain of a chi- 
meric embryo might be more problematic. 
Nakauchi says that there are proven ways of 
doing this. One is attaching a “suicide gene” 
to the human stem cells that would destroy 
any differentiated cell that starts express- 
ing neural proteins. Grompe says that an 
approach he is exploring—making chimeric 
embryos using differentiated cells—is less 
ethically contentious. 

Nakauchi recognizes that he is step- 
ping into controversial territory. “People 
think we’re making a human-pig monster,” 
he acknowledges, although he says most 
accept the idea once he explains what his 
team is trying to do. He is confident that he 
can make just as convincing a case to Stan- 
ford University’s review boards overseeing 
experiments involving human subjects, ani- 
mals, and stem cells. “I haven’t submitted a 
research plan,” Nakauchi says, “but I’m sure 
they will allow it.” 

—DENNIS NORMILE 


Minorities Run Up Significant Debt in Earning STEM Ph.D.s 


Many African-Americans and Hispanics 
who pursue a career in science must wrestle 
with a dearth of role models, a lack of oppor- 
tunity, and sometimes even outright discrim- 
ination. One factor not typically on that list 
of barriers to entry is the cost of a Ph.D. But 
a new study suggests that it should be, and 
that those groups, traditionally underrepre- 
sented in science, also owe much more than 
their white and Asian counterparts by the 
time they graduate. 

Conventional wisdom holds that most 


students can earn a doctoral degree in a sci- 
ence, technology, engineering, and mathe- 
matics (STEM) field without amassing large 
amounts of debt. This so-called free ride 
comes courtesy of a variety of mechanisms— 
notably student fellowships, institutional sup- 
port, and research positions funded by grants 
to faculty members—designed to meet both 
the cost of tuition and living expenses. That 
financial freedom stands in sharp contrast to 
the widely publicized heavy debt often taken 
on by students obtaining advanced degrees in 


the arts and humanities or those trained in the 
law, medicine, and other professions. 
However, a new study of 19,000 newly 
minted Ph.D.s by a team at the American 
Institutes for Research (AIR) in Washington, 
D.C., suggests that the conventional wisdom 
is wrong and that minorities face a steeper 
climb onto the STEM career ladder. It finds 
that only 51% of African-Americans and 64% 
of Hispanics earning STEM Ph.D.s in 2010 
graduated debt-free. In comparison, 73% of 
white and Asian STEM Ph.D.s avoided debt. 
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African-American women, who are part of 
two underrepresented minority groups in 
STEM fields, shoulder the heaviest burden, 
with 27% of them accumulating more than 
$30,000 in debt. The comparable figure is 
10% for white and Asian women. 

The AIR researchers—Kristina Zeiser, 
Rita Kirshstein, and Courtney Tanenbaum— 
looked at self-reported data from students 
who earned their Ph.D.s in 2010 in either a 
STEM or SBE (social, behavioral, or eco- 
nomic) field. (Those in STEM fields account 
for 71% of the total.) The cohort is 
drawn from an annual survey con- 
ducted by the National Science Foun- 
dation (NSF) of all U.S. doctoral 
recipients that includes questions 
about their financial situation. 

The AIR authors note that their 


sets of underrepresented minorities in STEM 
fields, it did collect information on those who 
dropped out, a group that institutions rarely 
track. And what it found supports one poten- 
tial explanation for the Ph.D. debt study. 

For instance, while students who earned 
their STEM master’s ranked institutional sup- 
port at the bottom of the list of factors affect- 
ing their ability to complete the program, a 
lack of funds is near the top of their list of rea- 
sons for leaving. “Wealth and access to capi- 
tal is a huge factor” in enrollment decisions, 


Overall, most STEM Ph.D.s graduate with little or no debt ... 


Amount of debt 


WE Over $30,000 
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STEM Ph.D.s were more likely than whites 
and Asians to have taken on debt as under- 
graduates: 64% of the latter group compared 
with 51% of African-American and 57% of 
Hispanic Ph.D.s finished college without 
student debt. That fact alone shapes the grad- 
uate STEM pool, Malcom-Piqueux says. 
“Students with undergraduate debt are less 
likely to go to graduate school,” she notes. 
The AIR study reveals that, once enrolled, 
however, even debt-free minority students 
soon dig themselves a financial hole. One 
reason, Malcom-Piqueux says, is 
that “underrepresented minorities, 
on average, receive their Ph.D.s from 
less selective schools with fewer 
institutional resources.” 

The type of support that gradu- 
ate students receive can also make a 
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findings suggest the cost of a degree 
needs to be a larger consideration in 
any initiative trying to attract more 
minorities and women into STEM 
careers. “If ... broadening partici- 
pation ... is to remain a national pri- 
ority, the policies and practices that 
aim to support students in financ- 
ing their education need to be exam- 
ined,’ the AIR authors write in a May 
2013 issue brief where their study 
results are offered (www.air.org/files/ 
AIRPriceofPhDMay13.pdf). “Stu- 
dents’ concerns about debt accumu- 
lation during graduate school are 
not unfounded.” 
So what explains the disparity in 
5 debt? Is there overt discrimination? 
i Are underrepresented minorities more 
« likely to borrow more money because 
they are poorer, or because they have 
additional financial responsibilities? 
Do they attend schools that provide 
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faculty members have grants that can 
support them? 

“We can’t explain these findings,” 
admits Tanenbaum, who expects to 
complete her doctoral degree in edu- 
= cation next year at George Washing- 
4 ton (GW) University in Washington, D.C. 
This is just a first step in understanding what 
is going on.” 

The few related studies addressing these 
issues have examined a different population 
and asked different questions. A pilot study 
released last month by the Council of Gradu- 
ate Schools (CGS), for example, compared 
the completion and attrition rates of students 
seeking master’s degrees in STEM fields 
and business at five institutions. Although 
the CGS study was too small to include sub- 
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.. but that’s not true for many African-American and Hispanic students. 


| 


| 10% 
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Note: Category totals are not always 100% due to rounding. 


big difference in how much debt they 
acquire. Research assistantships are 
generally more generous than teach- 
ing assistantships, for example, and 
extend through the summer. Research 
positions also help put students on 
the fast track academically, providing 
them with increased opportunities for 
publication, attendance at meetings, 
and networking with prominent fig- 
ures in their field. 

But much of what is known is 
based on anecdote rather than anal- 
ysis. The NSF survey, for example, 
doesn’t even ask doctoral recipients 
for the amount of institutional sup- 
port that they have received. “We 
haven’t figured out a good way to do 
it,’ admits NSF’s Mark Fiegener. 

For USC’s Dowd, race is the ele- 
phant in the room. “The [AIR] authors 
speculate on factors that may be caus- 
ing the big differences in debt. But 
they omit labor market discrimination 
and favoritism,” she says. “If we white- 
wash out past and present discrimina- 
tion when speculating on the results, 
we skew the nature of the debate.” 

Some new data are expected soon. 
CGS hopes to have initial results later 


says Lindsey Malcom-Piqueux, an assistant 
professor of higher education administra- 
tion at GW and Tanenbaum’s dissertation 
adviser. In 2012, she and Alicia Dowd of the 
University of Southern California (USC) in 
Los Angeles published a study on how under- 
graduate debt affects the pursuit of a graduate 
STEM degree. “White and Asian-Americans 
are more likely to borrow from their family 
because there are higher levels of wealth in 
those groups,” Malcom-Piqueux notes. 

The AIR study found that minority 


this year on the financial situation of under- 
represented minorities pursuing doctoral 
degrees in STEM fields at 21 institutions as 
part of a study on completion rates for those 
students. And this fall, CGS will launch a 
study sponsored by financial services giant 
TIAA-CREF that will measure the fiscal IQ 
of graduate students at 15 universities. “That 
has the potential to explore some of the ques- 
tions raised by the AIR study,” says CGS’s 
Daniel Denecke. “Right now we just don’t 
know enough.” —JEFFREY MERVIS 
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Light Beams With a Twist Could Give 
A Turbo Boost to Fiber-Optic Cables 


The global flow of data traffic faces back- 
ups every bit as gnarly as an L.A. commute. 
Today, the worst traffic jams occur within 
data centers of companies such as Face- 
book, Amazon, and Google that must zip 
information back and forth between ware- 
houses full of computer servers to sort out 
which data customers need most. This data 
travels through fiber optic cables at light 
speed. But with data center traffic rising 
exponentially, slowdowns are already being 
felt. Now, on page 1545, 
researchers describe a 
novel type of fiber optic 
line that allows them to 
encode data in a whole 
new way, using the way 
light waves corkscrew 
as they travel. Combined 
with more conventional 
ways of cramming extra 
data down fiber optics, 
the new approach could 
vastly increase data 
transmission rates. 

“This is very impres- 
sive work,” says Keren 
Bergman, an electri- 
cal engineer at Colum- 
bia University. “I’m 
really excited about it.” 
Bergman notes that tele- 
communications companies made great 
strides in increasing data bandwidths after 
researchers showed in the 1990s that it was 
possible to send multiple data streams down 
the same fiber optic cable simply by encod- 
ing each data stream on a different color, or 
wavelength. Today, individual fibers use such 
wavelength division multiplexing to send 
hundreds of different data streams down a 
single fiber simultaneously. Telecom provid- 
ers also encode information in light’s polar- 
ization as well as in the height and width 
of light waves. Together, these encoding 
schemes allow today’s fibers to carry 10,000 
times as much information as they did 
30 years ago. The new way of encoding data, 
which takes advantage of a property of light 
known as orbital angular momentum (OAM), 
“is a similar breakthrough,” Bergman says. 
“Tt opens up another door to scaling.” 

OAM is harder to visualize than some 
of light’s other properties. Slice through a 
traditional fiber optic and the beam looks 


like one from a flashlight: most intense at 
the center and less concentrated at the edge. 
But by passing light through a hologram, 
researchers can force individual photons 
to corkscrew as they travel down the fiber. 
Different holograms control how many 
helices photons complete over a given dis- 
tance. And light beams twisting at differ- 
ent rates create a unique pattern of light in 
any given slice, such as an intense spot in 
the center or a bull’s-eye with a ring around 
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New twist. Passing light beams through holograms caused them to twist either clockwise (—1) or 
counterclockwise (+1) or to have no twist (0); each case produced a specific profile in an optical fiber. 


it (see figure, above). OAM-encoded pho- 
tons with different helices, or “modes,” can 
carry a data stream without interfering with 
photons in other modes traversing the fiber 
simultaneously. 

Optics researchers have encoded infor- 
mation in this manner for more than a 
decade. Last year, for example, a team led 
by Alan Willner, an electrical engineer at 
the University of Southern California in Los 
Angeles, reported in Nature Photonics that 
they had used OAM encoding to send more 
than 2.5 terabits of data (roughly five Blu-ray 
DVDs’ worth) per second through open air. 
But when OAM has been tried in fibers, the 
backbone of modern communication trans- 
fer, the beams fell apart in less than a meter. 

The problem is that in standard glass 
fibers, photons encoded with different OAM 
modes bleed into one another, corrupting the 
data. “So we asked, ‘Can we make modes ina 
fiber that are distinct and make them behave 
like different colors?’ ” says Siddharth 
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Ramachandran, an electrical engineer at 
Boston University. In 2011, Ramachandran 
and a collaborator at OFS Fitel, a fiber pro- 
duction company in Brendby, Denmark, did 
just that: They produced glass fibers with 
a unique combination of standard chemi- 
cal additives arranged in several concen- 
tric rings. The additives change the speed 
at which light travels through the glass, cre- 
ating separate pathways for different OAM 
modes to travel inside the fiber. That showed 
the fibers had potential. 

For the current study, Ramachandran 
teamed up with Willner to show that the 
technique could enable high-speed data 
transfer. They sent 1.6 terabits of data per 
second in 10 different wavelengths and two 
OAM modes down 
more than a kilome- 
ter of their specialized 
fibers. That’s a tiny 
fraction of the distance 
needed for long-haul 
telecommunications 
lines. But it’s more 
than enough for use 
within data centers 
and for other high-end 
users such as scien- 
tific institutions. “This 
is very impressive. I 
can imagine a huge 
commercial market,” 
says Robert Boyd, a 
physicist at the Uni- 
versity of Rochester 
in New York. 

Ramachandran and 
Willner note that OAM isn’t the only pos- 
sible solution to alleviating data bottle- 
necks. In recent years, optics researchers 
have created optical fibers capable of sup- 
porting up to 12 modes. This approach, 
however, typically requires extensive com- 
putational power at the receiving end to 
unscramble the signals. Another approach 
has been to create “multicore” fibers with 
a series of “cores” that can each carry their 
own modes. Researchers in the United 
States used this approach last year to send 
more than | petabit of data per second 
(nearly 1000 times the current OAM dem- 
onstration). The approaches aren’t mutu- 
ally exclusive, says Willner, who envisions 
future fibers with multiple cores, each sup- 
porting several OAM modes in addition to 
allowing for all the more conventional data 
beams to flow through. If that becomes real- 
ity, it will make today’s data rates seem as 
sluggish as a dial-up modem. 

—ROBERT F. SERVICE 
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Carl June and others are o 5s 
success. Getting there 


ONE JANUARY AFTERNOON IN 2011, 
oncologists Carl June and David Porter settled 
themselves at a table at Gia Pronto, the cof- 
fee shop in the atrium of the Perelman Center 
for Advanced Medicine. The glass and steel 
building sits at the nerve center of the Uni- 
versity of Pennsylvania’s (Penn’s) massive 
medical complex in West Philadelphia, a few 
blocks from the Schuylkill River that cuts the 
city in two. Outside, construction cranes rise 
up, a sign of Penn’s ongoing expansion. 

June and Porter had a problem. In an exhil- 
arating 6 weeks in the summer of 2010, they 
had treated three men with leukemia who 
were out of options. In a cell therapy experi- 
ment, the patients’ own T cells were geneti- 
cally engineered in a lab to proliferate inside 
their bodies and seek and destroy cancer. The 
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strategy had worked beyond the doctors’ wild- 
est expectations, melting away pounds of 
tumor in each patient. In one case, the modi- 
fied cells didn’t grow well in the lab, and the 
patient, a 64-year-old scientist at a biotech- 
nology company named Douglas Olson, 
received a mouse-sized dose. Now, he’d taken 
up running as a hobby and was teaching his 
grandchildren how to sail. 

But generating the cells for all three 
patients had cost $350,000. The scientists 
were out of money and out of “vector,” the 
disabled HIV viruses that they were using 
to insert new genes into T cells. They had 
applied to the National Cancer Institute 
(NCJ) and elsewhere for funding to continue 
their clinical trial, sharing unpublished data 
on patients 1, 2, and 3. Cancer had vanished 
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in Olson and one other patient. The third man 
responded partly but later died of his disease. 
Funders deemed the therapy too experimen- 
tal and too impractical. Everywhere, Porter 
and June were turned down. 

“Tt was one of these best of all times, worst 
of all times,” says June, who had assembled 
his small team, including Porter, more than 
a decade ago. They weren’t the first to test 
this radical new approach in people, but their 
results were the most striking. “We knew 
something worked,” even if the remissions 
ended tomorrow, June says. “We knew it 
wasn’t an accident.” 

Sipping coffee, Porter and June weighed 
their next step. They were itching to test the 
cell therapy in more people with leukemia, 
and to do that they needed money that they 
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didn’t have. “We basically decided that we 
would just publish with three patients,” June 
says. Getting the word out, he hoped, could 
shift the dynamic in their favor. Porter was 
game to try, but skeptical that any reputable 
journal would accept a paper with an n of 3. 

He turned out to be wrong. The New 
England Journal of Medicine welcomed a 
report about Olson and his mouse dose of 
T cells. Science Translational Medicine, 
Science’s sister journal, snapped up a manu- 
script detailing all three patients. The papers 
were published simultaneously on 10 August 
2011. The university put out a news release 
that day. Its title: “Genetically Modified 
‘Serial Killer’ T Cells Obliterate Tumors in 
Patients with Chronic Lymphocytic Leuke- 
mia, Penn Researchers Report.” 
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[: q Experimenting. A life of twists and turns has Carl 


June pressing forward with a radical cancer therapy. 


Porter was en route to vacation in western 
Maryland with his family when the embargo 
lifted. His phone started ringing. “I was in 
the car for 8 hours that day,” he says. “TI spent 
8 hours straight on my phone, 
answering e-mail, answering phone 
calls. It was a story that took us all by 
surprise. It kind of went viral.” June 
fielded 5000 requests from patients 
and their families for the therapy. 
Eight hundred media outlets world- 
wide covered the story. 

NCI reversed course and awarded June’s 
team nearly $500,000 a year for 4 years, in 
part to create engineered T cells for patients. 
Pharmaceutical companies began courting 
June and his colleagues. Almost exactly 
a year after publication, Novartis signed a 
multimillion dollar agreement with Penn, 
licensing rights to the therapy with the goal 
of getting it approved by drug regulators. 
Three patients, two of them still in remis- 
sion today, proved to be the tipping point that 
June had imagined. 

Two years later, nearly all of the thousands 
of cancer patients desperate for engineered T 
cells are a long way from getting them. For 
one, the therapy can tackle only a subset of 
blood cancers, and it remains highly experi- 
mental. About three dozen people at Penn 
have received it, along with more than S50 else- 
where. Not everyone is helped, and many of 
those who are suffer serious side effects. In 
those whose disease has disappeared, no one 
knows yet how long the calm will last. “The 
medical literature is just littered with exam- 
ples of drugs that look great on your first 
10 patients, and they don’t pan out for 
one reason or another,” Porter says. 

History may urge caution, but 
it’s hard not to be swept up in the 
moment. Despite the small numbers, 
many oncologists believe that what 
June’s team and others now replicat- 
ing it have seen is unprecedented. 
No cell therapy has proliferated in 
the body, endured, and slain cancer 
quite like this one. 

A looming question now is how to move 
engineered T cell therapy forward—how to 
test it in more patients, at more centers, in 
different forms of cancer. Drug companies 
“don’t care if it costs $500 million to develop 
the first vial, as long as you can make the sec- 
ond vial for $1,” says Steven Rosenberg, an 
NCI surgical oncologist in Bethesda, Mary- 
land, who’s spent decades developing cell 
therapies. As Rosenberg knows well, that’s 
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not how T cell treatment works. Every batch 
is a distinctive drug, and right now, every 
step toward making it holds the chance of 
human error. 

As academic cancer researchers and com- 
panies work to expand the therapy’s reach, 
June and his colleagues are in the public eye. 
Along with the accolades are 
critics charging that they’ve 
claimed more than their share 
of scientific credit and law- 
suits alleging violations in 
agreements with collabora- 
tors. They are deeply driven to 
save lives; cancer looms large 
in June’s own autobiography. But at stake, 
too, for the researchers and their institu- 
tion, is money and scientific glory, and the 
chance to combat cancer with immunology 
on a grand scale. 


T cells remodeled 
The backbone of June’s work was forged in 
the mid-1980s by an Israeli immunologist. 
Zelig Eshhar was on sabbatical in Palo Alto, 
California, when he began toying with an 
unorthodox question: whether T cells, the sen- 
tries of the immune system, could be coaxed to 
destroy different targets. To accomplish this, 
Eshhar knew that he needed T cells to recog- 
nize and latch onto molecules that they nor- 
mally ignore. And the only way to make that 
happen was by inserting foreign DNA into 
T cells, to alter the receptors they produced. 
Eshhar returned home to the Weizmann 
Institute of Science in Rehovot, Israel, and 
got to work. Failure after failure followed. The 
technology to insert DNA was rudimentary. 
Then, in the late 1980s, Eshhar triumphed, 
adding a combination of gene sequences 


“We knew something worked. ... 
We knew it wasn't an accident.” 


—CARL JUNE, 
ABRAMSON CANCER CENTER 
UNIVERSITY OF PENNSYLVANIA 


into a type of immortalized T cell that more 
readily accepts foreign DNA and endow- 
ing the cells with new targets they could kill. 
“The moment we realized it was working ... 
we became, I don’t want to say obsessed, but 
really invested,” he recalls. 

Eshhar’s feat was only the first step. 
To treat a disease like cancer, researchers 
needed to identify protein targets unique to 
certain tumor cells—otherwise, the modi- 
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fied T cells would destroy healthy tissue, too. 
They also had to ensure that the cells multi- 
plied inside the body and persisted, wiping 
out every trace of cancer and preventing it 
from coming back. 

Slowly, a handful of researchers picked 
up on Eshhar’s accomplishment and car- 
ried it forward. At Memorial Sloan-Ketter- 
ing Cancer Center in New York City, cell 
therapist and oncologist Michel Sadelain 
set to work introducing genes into human T 
cells. “It took me 3, 4 years to better trans- 
fer genes into more than 0.5% 
of the culture,” Sadelain says. 
“Today, we can take a high 
school kid [and] in an after- 
noon, they know how to take 
T cells and blast genes in all 
of them.” Sadelain pushed for 
a name, and “chimeric anti- 
gen receptor” cells, or simply 
CAR cells, stuck. 

While Sadelain focused on 
cancer from the start, June got 
there circuitously. His career 
trajectory tracked Cold War 
history, and the reason for that 
was Vietnam. In 1971, when 
he was 18, a lottery gave June 
a near-certain chance of being 
drafted. He abandoned plans 
to enroll at Stanford University 
and applied to the U.S. Naval 
Academy in Annapolis, Mary- 
land. The war ended 2 years 
later, but June remained with 
the military, which financed 
his medical education. With 
fears of nuclear attacks run- 
ning high, he trained as an 
oncologist and a bone mar- 
row transplanter to treat those 
exposed to high doses of radia- 
tion. In 1989, the Berlin Wall 
collapsed. The Cold War ended 
soon after. The military “didn’t 
care about bone marrow trans- 
plants after that,’ June says. He 
needed a new passion. 

The Navy didn’t fund cancer 
research, so June, then at the Naval Med- 
ical Research Institute in Bethesda, 
turned to HIV. The decision proved pre- 
scient, as he learned the ins and outs of 
T cells and the immune system, knowledge 
that would later serve him well. He spent a 
decade training T cells to flourish in HIV 
patients, whose own T cells are destroyed 
by the virus. An immunologist in the lab, 
Bruce Levine, explored how to grow T cells 
and what signals could best “activate” them, 


turning them on outside the body to help 
them destroy their targets. 

Then in 1995, June’s personal and pro- 
fessional lives abruptly converged. His wife 
Cynthia was diagnosed with ovarian cancer. 
The couple had a 3-year-old daughter and two 
teenage sons. “I saw for the first time what it 
was like to be on the other side of the bed,” 
he says. June was a believer in manipulating 
the immune system to treat cancer, but suit- 
able immunotherapies weren’t ripe at the time. 

Cynthia June was 46 when she died in 


Cautious optimist. 
Oncologist David Porter 
hopes that early results 
will hold up as more 
patients are treated. 


2001, shortly after her husband left the Navy 
and the family relocated to Philadelphia. Their 
daughter was 9 years old. “It took a long time 
to recover,” he says, speaking slowly as he 
thinks back on those years. “A lot of people 
helped me out.” 

The ripples hit those around June, too. 
“We knew Cindy, we had socialized with 
her,” Levine says. “We saw what happened 
and what it did to Carl. Those are hugely 
significant events for people, and also for 
the program.” 
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Advances and acrimony 

At Penn, June continued his HIV work but 
also threw himself into cancer, motivated 
by his wife’s death and by a belief that the 
pieces were falling into place to successfully 
treat patients with CAR cells at last. He was 
enthusiastically welcomed by two oncol- 
ogists: Porter, who cares for adults with 
blood cancer at Penn’s Abramson Cancer 
Center, and Stephan Grupp with the Chil- 
dren’s Hospital of Philadelphia (CHOP), 
who showed up at June’s office door one day 
and asked to collaborate. 

A handful of research- 
ers elsewhere were also 
in the race to bring CAR 
therapy to people. In addi- 
tion to June, they included 
Sadelain at Sloan-Ketter- 
ing, Rosenberg at NCI, and 
Malcolm Brenner at Baylor 
College of Medicine in Hous- 
ton, Texas. All were converg- 
ing on the same cancer target, 
a marker called CD19. The 
only cells sporting CD19 are 
B cells, which proliferate dan- 
gerously in B cell leukemias. 
This was valuable for two rea- 
sons. The marker was a prom- 
ising bull’s-eye, because it was 
all but universal on these can- 
cer cells. And although B cells 
are an important component 
of the immune system, they 
are not needed for survival— 
which was reassuring, because 
attacking CD19 would surely 
destroy healthy B cells, too. 

How to design the very 
best CAR against CD19 
was the big question. CARs 
“come in multiple flavors,” 
Sadelain says. There are dif- 
ferent ways to engineer a new 
receptor that will latch on to 
CD19. One important ingre- 
dient is the “co-stimulatory 
signal,” which is embedded 
in the CAR cells to activate them and keep 
them alive in a patient. Sadelain’s group, like 
the others, studied a slew of possibilities in 
mice and settled on one, called CD28, which 
looked the most promising. Rosenberg and 
groups at two other centers picked CD28 as 
well. All four had clinical trials up and run- 
ning when June’s trial opened. 

June chose a different co-stimulatory 
signal, called 4-1BB, in part to distinguish 
his efforts and also because lab studies sug- 
gested that it helped T cells proliferate. It 
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was a strong candidate in mice but not quite 
as impressive as CD28. A group at St. Jude 
Children’s Research Hospital in Memphis, 
Tennessee, led by an oncologist named Dario 
Campana, had designed the first CAR con- 
struct with 4-1BB. Unlike the other groups, 
June’s also used a disabled HIV virus to 
genetically engineer the T cells and a differ- 
ent recipe for growing them in the lab. 

As it turned out, combatting cancer was in 
the details. The first to publish an anti-CD19 
CAR therapy success was Rosenberg’s team 
in 2010. They used the CD28 strategy, and one 
patient with a form of lymphoma achieved a 
long-lasting partial remission. But it was 
Penn’s results in the three men with leukemia, 
with a 4-1BB CAR, that transfixed the cancer 
community and the wider world. 

“Tt made a believer out of a lot of peo- 
ple who were pretty skeptical,” says Ravi 
Bhatia, who treats blood cancers at City of 
Hope in Duarte, California, and counts him- 
self among past doubters. His own hospi- 
tal had been studying CAR cell therapy for 
several years, but there and elsewhere the 
transplanted T cells had quickly disappeared 
from the bloodstream. “That,” Bhatia says, 
“was a big concern.” 

June, Porter, Levine, and Grupp—who 
was gearing up to treat the first children— 
sought to stay anchored amid the hype. “You 
try and keep your feet on the ground and say, 
“We still have work to do,’ ” Levine says. 
The competition was fierce and not always 
friendly. In the pages of The New England 
Journal of Medicine, Rosenberg’s group and 
June’s sparred over whether Rosenberg’s 
CAR therapy success, published 12 months 
before June’s, was due 
to engineered T cells or 
attributable to chemo- 
therapy that the patient 
received first, to make 
room for new cells. 
“There’s acrimony out 
there,’ Sadelain says. 

The most bitter 
came in July 2012. St. 
Jude sued the trustees of 
the University of Pennsylvania for breaching 
materials transfer agreements signed with St. 
Jude in 2003 and 2007, when Campana had 
shared his CAR materials with June. 

Penn shot back with a lawsuit of its own, 
arguing that June’s CAR cell construct was 
different than Campana’s. Less than 3 weeks 
after that suit, in August 2012, Novartis and 
Penn unveiled an alliance to commercialize 
the T cell treatment. The company said that it 
would devote $20 million to build a cell ther- 
apy research center at the university. 


“You try and keep your 
feet on the ground 
and say, ‘We still 
have work to do. 


UNIVERSITY OF PENNSYLVANIA 


In the months that followed, the legal 
dueling continued. Then in March of 
this year came a turning point: St. Jude’s 
application for a patent on Campana’s T cell 
construct, with its 4-1BB signaling domain, 
was approved. 

Three days later, Penn sued St. Jude 
again, claiming that the Campana patent 
was invalid. That law- 
suit exposed an under- 
current of concern 
over who owned what. 
Penn’s lawyers are seek- 
ing “a judicial determi- 
nation” that they are 
not infringing on the St. 
Jude patent. 

Neither June nor 
Campana, who is now 
at the National Uni- 
versity of Singapore, 
would comment on 
the lawsuits. Novar- 
tis spokesman Scott 
Young wouldn’t say 
much either—the company is not a party 
to any of the three suits—but he stressed in 
an e-mail message that “we have complete 
confidence in the viability of our collabora- 
tion with UPenn.” 


Jumping the hurdles 

That collaboration is now moving swiftly 
ahead. At Novartis, dozens of people are strat- 
egizing over how to manufacture personalized 
T cells for patients. Novartis needs to deter- 
mine how long the cells can hold up outside 
the body, because that determines how many 
costly cell-processing 
facilities the company 
must open worldwide. 
It has to automate its 
method of growing 
and manipulating the 
cells as much as possi- 
ble to reduce costs and 
the chance of human 
error. It has to consider 
whether the time from 
“vein to vein,” when the cells are removed 
until they’re put back in, can be shortened. 
It now stands at about 3 weeks. 

“All of this has to be thought through 
very carefully, not only for the U.S. but also 
on a global scale,” says Manuel Litchman, 
who is overseeing the therapy’s develop- 
ment program for Novartis Oncology. In the 
cramped lab at Penn, Levine is busy train- 
ing Novartis employees. Company officials 
meet several times a week with June’s team. 
In December, Novartis paid $43 million for 
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—BRUCE LEVINE, 


“The medical litera- 
ture Is just littered 
with examples of 
drugs that look 
great on your first 
10 patients, and 
they don't pan out.” 


ABRAMSON CANCER CENTER 
UNIVERSITY OF PENNSYLVANIA 


NEWSFOCUS LL 


an immunotherapy manufacturing facility in 
Morris Plains, New Jersey, which had been 
owned by a company, Dendreon, making a 
prostate cancer vaccine. “It’s not going to 
look that different in Morris Plains than it 
looks in Bruce’s lab,” Litchman says. “It’s 
just going to be replicated many, many 
times over, to fill up the suites there.” 

One top priority is 
consistency. Every batch 
of T cells will be differ- 
ent because each origi- 
nates with a different 
patient. But other scien- 
tific and manufacturing 
variables—the vector 
that inserts the foreign 
DNA, techniques to 
grow the cells, how 
they’re transported— 
can make the outcome 
unpredictable. 

June’s group learned 
this the hard way: After 
the fanfare around their 
first three patients, they treated three more 
in January 2012 with a new vector lot. None 
responded. “I was just stumped out to the 
max,” June says. He had no idea what had 
happened and still can’t say whether some- 
thing went awry with the vector material or 
whether the outcome was due to random fluc- 
tuations in the therapy’s success. “All we knew 
was, it worked three times, and then it didn’t 
work three times.” All three of those patients 
later died of their disease. 

Next in line was patient 7, who turned 
out to be another roller coaster. She was 
Emily Whitehead, a 6-year-old with end- 
stage leukemia whose parents turned to 
June’s cell therapy as a last-ditch hope. 
The experimental treatment sent her body 
into a deadly immune overdrive. She spent 
2 weeks on a ventilator in the CHOP intensive 
care unit while doctors tried everything they 
could think of to save her. 

“We thought it was over,” June says. He 
drafted an e-mail message to Penn’s provost: 
“Tt is with regret that I inform you that our 
first pediatric patient on the CART19 trial will 
likely die,’ he wrote. “There is nothing to do 
at this point other than hope for a miracle.” 
June pledged to “conduct a full investigation.” 
It turned out that he didn’t need to, and the 
e-mail was left unsent. 

As doctors parsed Emily’s lab results, 
they found that her revved up T cells were 
causing overproduction of a molecule called 
interleukin-6. She was saved, in a tale that 
became hospital lore, by an arthritis drug that 
disables it. June knew about the drug only 


—DAVID PORTER, 
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Survivor. Eight-year-old 
Emily Whitehead was the 
first child on the experi- 
mental Penn protocol, 
and she’s now cancer- 
free 1 year later. 


because his daughter Sarah had been diag- 
nosed with rheumatoid arthritis shortly after 
her mother’s death. Grupp happened upon it 
independently, when a colleague found it by 
Googling on his iPhone. 

Emily remains in remission more than 
1 year later, her hair long enough now for 
pigtails and her 8th birthday 
behind her. In her DNA, Grupp 
discovered a gene mutation that 
predisposes to a hyperactive 
immune response, which could 
help explain why the therapy 
sickened her as it did. Grupp has 
since switched to giving other 
children a tenth of the T cell dose 
that Emily received, although “in 
my heart of hearts I’m not sure the 
dose matters that much,” because 
the cells multiply with aban- 
don inside the body. All those 
on the Penn trial became deeply 
attached to Emily after her har- 
rowing experience. Levine dis- 
plays pictures of her in his office. June, who 
remarried and now has a 10-year-old daugh- 
ter of his own, chokes up when he speaks of 
Emily and her family. 

For the Penn team, Emily and the other 
patients are teaching laboratories, showing 
what the engineered T cells can do. “I’ve 
never been involved in anything like this in 
my life,’ Grupp says. In addition to the crush 
of media attention and hundreds of inqui- 


ries from patients and families, Grupp was 
taken aback by parents reporting their child’s 
progress on Facebook before he’d shared 
the news with the wider scientific world. “I 
am in a position of having my results pub- 
licly disclosed without having them subject 
to peer review,” he says. ““That’s the aspect of 


“When I'm doing informed 
consent with these families, 
the first thing | say Is, ‘Forget 
everything you've read about 
this.’ Nothing could possibly 
be as promising as the various 
articles about this make it seem.” 


—STEPHAN GRUPP, 
CHILDREN’S HOSPITAL OF PHILADELPHIA 


this I was least prepared for,” and it’s one that 
makes him “extremely uncomfortable.” 
Grupp has treated 14 children with acute 
lymphoblastic leukemia so far. Of the five 
reported at scientific meetings or published, 
four went into remission but one of those later 
relapsed. Porter’s most recent data on adults, 
presented at a meeting in May, includes 10 
responders out of 17 treated, with five of those 
in complete remission for at least 3 months. 


For every T cell infused, between 1000 
and 93,000 leukemia cells die, showing just 
how dramatically the engineered T cells are 
multiplying inside the body. The group is 
still studying why their T cells proliferate 
like this, although they suspect that it’s partly 
due to the 4-1BB construct that Campana 
pioneered. As expected, healthy B cells are 
destroyed, and the long-term effects of that 
remain uncertain. The expense of CAR treat- 
ment has plunged, but it still costs $20,000 
to $40,000 to generate the cells. That doesn’t 
include supportive care in the hospital after 
patients receive them. 

In March, Sadelain reported on five patients 
with acute leukemia in Science Translational 
Medicine. That disease is more aggressive 
than chronic leukemia in adults, and oncolo- 
gists were heartened by what they read: Four 
of the patients went into remission, a neces- 
sary precursor to getting a bone marrow trans- 
plant, which they then received. Three are still 
alive at least 5 months after treatment. “That 
it was verified at another center, at Memorial, 
was very important,” says Bhatia at the City of 
Hope. It was “not just something strange that 
happened” in the people treated at Penn. 

Still, physicians like Porter and Grupp are 
mindful that this isn’t life-changing for every- 
one. “When I’m doing informed consent with 
these families, the first thing I say is, ‘Forget 
everything you’ve read about this,’ ”’ Grupp 
says. “Nothing could possibly be as promis- 
ing as the various articles about this make it 
seem.” Only four people, including Emily, 
have been followed for more than a year. A 
looming question is whether CAR therapy can 
work in solid tumors, and June and others are 
opening clinical trials to try and find out. 

Nearly 3 years after the summer that 
changed everything, the Penn group is 
still working flat out to keep up: enrolling 
as many patients on the trials as they can, 
working with drug regulators to discuss how 
best to study the cells with an eye toward 
approval, collaborating with Novartis to 
train their employees and streamline the 
cell-generating process. “I’m tired,” says 
Porter, and he sounds it. June, a serious bike 
racer and runner, has scaled back his hobby, 
though he did manage to fit in a 34-mile 
ultramarathon last weekend. “I didn’t used 
to work as many hours as I do” now, he says. 
“T mean, I used to work, but I’d take more 
time off.” He’s eagerly waiting for the hand- 
off, the day when Novartis starts process- 
ing T cells and making CARs. Neither June 
nor Novartis can say when that will be, but 
for June, it will mark a return to normalcy. 
“Until then,” he says, “it’s overdrive.” 

—JENNIFER COUZIN-FRANKEL 
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CANADA 


Scientists Bristle at Canadian 
Leader's Applied Research Push 


Prime Minister Stephen Harper has drawn criticism for an autocratic style and cuts to 
environmental research, but supporters applaud his focus on commercialization 


OTTAWA—In the aftermath of the Boston 
Marathon bombings in April, newly minted 
Liberal Party leader Justin Trudeau pro- 
posed that Canada’s researchers explore the 
root causes of terrorism. Prime Minister 
Stephen Harper mocked Trudeau’s sugges- 
tion, declaring that “this is not a time to 
commit sociology.” 

That response was the latest—and 
quintessential—example of what Harper’s 
critics have described variously as his “‘anti- 
intellectual,” “antievidence,” or 
“antiscience” attitude. An econ- 
omist turned politician, Harper 
became Canada’s 22nd prime 
minister in February 2006. 
According to his opponents, 
Harper soon began waging a sub- 
tle “war on science” that has only 
intensified since his Conservative 
party captured a majority of Par- 
liament in 2011. 

That war has operated on 
many fronts, his detractors say. 
Stagnant budgets for the coun- 
try’s three granting councils 
have sent a message that aca- 
demic research is not a priority 
for the Conservative govern- 
ment, they say. Climate and atmospheric 
research have been hit especially hard as 
part of what critics regard as an assault on 
environmental stewardship. 

Many scientists believe that these and 
other policies threaten to marginalize the 
federal government’s entire $11-billion- 
a-year research portfolio. And last month, 
Harper’s handpicked 18-member Sci- 
ence, Technology and Innovation Coun- 
cil (STIC) provided them with additional 
ammunition by reporting that Canada, since 
Harper’s election, had fallen from 16th to 
23rd among industrialized nations in over- 
all research expenditures relative to gross 
domestic product. 

But despite the widespread belief that 
Harper’s government has been bad for sci- 
ence, the reality may be far more nuanced. 
Harper has generally maintained funding for 
the raft of multibillion dollar programs begun 
by the predecessor Liberal government. 


They include efforts to rebuild the nation’s 
scientific infrastructure (Canada Foundation 
for Innovation), reverse a perceived brain 
drain (Canada Research Chairs), and cover 
the indirect costs of research. 

Harper’s government has even built on 
the underlying premises of those original 
investments by giving $10 million apiece 
over 7 years to 20 superstar researchers in 
four designated priority areas: the environ- 
ment; natural resources and energy; health; 


Arctic priority. Prime Minister Stephen Harper (center) in a tour last year of the 
High Arctic Research Station in Cambridge Bay, which boasts a fishing trawler 
refitted as a research vessel. 


and information and communication tech- 
nologies. And in 2011, the government 
announced its plans for a second competi- 
tion to set up 10 more superstars. 

The Harper government has also been 
eager to toss large pools of money at specific 
disciplines and groups, often without peer 
review. In 2007, Harper gave seven exist- 
ing research institutes a total of $105 mil- 
lion to establish Centres of Excellence for 
Commercialization and Research (CECRs) 
and then held a $195 million competition 
that resulted in the creation of 14 more. 
In 2009, it launched a $100 million brain 
research initiative led by a private founda- 
tion whose honorary chair was a former 
Conservative finance minister. 

Taken together, these policies show that 
Harper is “a great supporter of science,” says 
Gary Goodyear, Harper’s minister of state 
for science and technology. A chiroprac- 
tor who assumed his current post in 2008, 
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Goodyear says that his instructions were to 
ensure the health of the “entire ecosystem” 
of Canadian science, from fundamental to 
applied research. “And if you can create any 
jobs by Saturday, do it,” he quips. 


Scientific mercenaries? 

For its part, the Harper government doesn’t 
apologize for its focus on wealth creation. 
Study after study has shown that Canada’s 
industrial sector is heavily based on natural 
resources and reluctant to invest in research. 
The only multinational juggernaut remain- 
ing in the country is besieged communi- 
cations innovator BlackBerry (formerly 
Research In Motion). 

Dealt a weak hand, the Harper govern- 
ment is simply trying to overcome chronic 
problems in Canada’s innovation system, 
says Alan Bernstein, president of the Cana- 
dian Institute for Advanced Research in 
Toronto. Those deeply rooted 
flaws, he says, include the fact 
that Canadians are “risk-adverse” 
by nature, live in the shadow of a 
scientific superpower, and have 
a branch-plant economy with a 
weak venture capital community. 
Even the world’s most generous 
R&D tax credits have done little 
to promote industrial research. 

However, Harper’s top-down 
initiatives and his demand that 
the academic community become 
more directly involved in the com- 
mercialization of research have 
infuriated scientists. Some argue 
that the government’s propensity 
for large, elitist programs is an 
assault on the fundamental tenets of inves- 
tigator-initiated research that is eroding the 
health of the scientific base. Others are sim- 
ply queasy about being nudged into becom- 
ing what some call “mercenaries for industry.” 

It’s difficult to determine, however, if the 
changes pursued by Harper have affected 
the nature of research that Canadian scien- 
tists are conducting, says Timothy Caulfield, 
Canada Research Chair in Health Law and 
Policy at the University of Alberta. Some 
shifts may just be cosmetic, he says, involv- 
ing minor modifications in the way that 
grants are written. “Researchers are nimble. 
They know how to get money.” 

Still, Caulfield is skeptical that the gov- 
ernment will achieve the desired economic 
transformation. “Part of the package of jus- 
tification is that it will lead to economic 
growth,” he says. “But the evidence is thin 
that a commercialization directive from the 
government leads to economic growth.” 
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Playing favorites. Programs with the potential for economic payoff have 
received the most attention in the research garden of Canadian Prime Minister 


Still, the Harper government has been 
nothing if not steadfast in using science as a 
tool to restructure the economy. It has heav- 
ily promoted academic collaborations with 
industry, including roughly $255 million 
sunk into the 21 CECRs structured around 
subjects such as vaccine development, imag- 
ing technology, surgical innovation, and 
energy efficiency. The latest manifestation of 
that philosophy was last month’s announce- 
ment that Canada’s National Research 
Council (NRC), the government’s primary 
in-house research arm, is being converted 
into a toolbox for industry. 

Goodyear says that the government, 
having solidified support for fundamental 
research, is now turning its attention to the 
other end of the innovation chain. Trans- 
formation of NRC, efforts to spur industry- 
academic collaborations, and the creation 
of new pools of venture capital, like the 
$400 million that the government set aside 
last year, are all designed to make industry 
more innovative and productive. More of the 
same will soon follow, Goodyear hints, pos- 
sibly in the form of expanded procurement 
programs. “This isn’t a picture or an x-ray,” 
he says. “Our strategy is a video. You haven’t 
seen the next chapter yet.” 


_ Research 
infrastructure 


Scientists say that the book is quite clear 
when it comes to Harper’s attitude toward 
environmental research and regulation. 
While Harper’s supporters argue that the 
government’s policies are simply a way to 
remove an impediment to economic develop- 
ment, most scientists regard them as an egre- 
gious example of a wrong-headed ideology 
and the prime minister’s tight control over all 
government activities. 

For example, when Harper announced 
in 2011 that Canada was bailing from the 
Kyoto Protocol, the global treaty to limit 
greenhouse gas emissions, (which Harper 
once called a “socialist conspiracy”), his 
rationale was that meeting the treaty’s tar- 
gets would cripple the country’s economy. A 
similar rationale was offered in 2012, when 
government ministers gained the authority 
to override environmental assessments in 
approving industrial projects, and again this 
spring, when the government announced that 
it would withdraw from the U.N. Convention 
to Combat Desertification. 

A slew of environmental programs have 
been axed since Harper earned a major- 
ity government, including the Canadian 
Foundation for Climate and Atmospheric 
Sciences (a nonprofit organization that dis- 
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Stephen Harper. At the same time, core research activities and many environmental 
initiatives have stagnated or withered away under his government. 


tributed funds to research facilities such 
as the Polar Environment Atmospheric 
Research Laboratory), the National Round 
Table on the Environment and the Econ- 
omy (which advocated the introduction of 
carbon taxes, which Harper finds anath- 
ema), the Ocean Contaminants and Marine 
Toxicology Program, the World Ozone and 
Ultraviolet Radiation Data Centre, and the 
Experimental Lakes Area program. Such 
moves are a far cry from Harper’s decision in 
2007, as head of a minority government, to 
spend $2 billion on a pair of clean environ- 
mental technology programs that sought to 
develop “green energy generation and trans- 
mission infrastructure, carbon transmission 
and storage infrastructure.” 

Researchers say it’s no coincidence that 
a policy requiring government scientists to 
obtain permission from Harper’s office before 
speaking to the media seems so often to 
impinge on environmental researchers. Last 
year, 2000 researchers in lab coats descended § 
on Parliament Hill for a mock funeral for the 
“death of evidence.” The policy has spurred 
an ongoing investigation by the federal infor- 
mation commissioner into whether Harper 
has placed undue limits on the ability of fed- 
eral scientists to disseminate findings. 
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Goodyear dismisses the proposition 
that the government has trained its guns 
on the environmental sciences. “The per- 
ception is wrong,” he says, quickly point- 
ing to the $135 million that the Natural 
Sciences and Engineering Research Council 
of Canada (NSERC) set aside for climate 
change research. 

One environmental area that has bene- 
fited from Harper’s policies is Arctic science. 
Harper’s support for consolidating Cana- 
dian control of its Arctic territory has long 
been tagged as his personal “legacy” project. 
That has translated into commitments such 
as building a Canadian High Arctic Research 
Station and launching three next-generation 
Constellation radar satellites, a project with 
an estimated price tag topping $1 billion. 

Those initiatives haven’t placated critics. 
Andrew Weaver, Canada Research Chair 
in Atmospheric Sciences at the University 
of Victoria and a member of the British 
Columbia legislature from the Green Party, 
accuses Harper of trying to “control the 
message” on climate and related issues by 
either ignoring or suppressing evidence 
that is antithetical to his objectives, such as 
developing Alberta’s oil sands. 

To Scott Findlay, associate professor of 
biology at the University of Ottawa, Harper’s 
Arctic policy demonstrates his willingness to 
run roughshod over evidence if it challenges 
government priorities or orthodoxy. He and 
other scientists argue that the same ethic led 
to Harper’s decision in 2008 to eliminate the 
position of national science adviser, his scut- 
tling of Statistics Canada’s mandatory long 
form census in 2010, and his axing this year 
of the Health Council of Canada. 

Abolishing the national science advis- 
er’s position was particularly egregious, says 
Kennedy Stewart, science critic for the oppo- 
sition New Democratic Party. The result, he 
says, is that the Harper government is now 
crafting science policy “without getting 
advice from scientists.” 

The shift to a voluntary census, mean- 
while, prompted the resignation of then— 
Chief Statistician Munir Sheikh. It was 
ostensibly made because libertarian back- 
benchers within Harper’s caucus were fret- 
ting that a Canadian might be charged with 
failing to fill out a census form. And many 
fear that the elimination of the national health 
council, part of a broader policy to leave the 
provinces entirely in charge of health care, 
puts Canada on the fast track to becoming 
14 splintered systems. 

These and other policy moves have left 
many scientists feeling that they’re the vic- 
tims of “bad science policy,” argues Cana- 


www.sciencemag.org SCIENCE VOL340 28 JUNE 2013 


dian Association of University Teachers 
Executive Director Jim Turk. Another poster 
child for those “bad” decisions, he and 
others say, is the loss of purchasing power 
by Canada’s granting councils, which fund 
academic science. 

Years of flat budgets for NSERC, the 
Canadian Institutes of Health Research 
(CIHR) and the Social Sciences and Humani- 
ties Research Council (SSHRC), at about 
$1 billion, $1 billion, and $700 million, 
respectively, mask an enormous transfor- 
mation in their operations, Turk says. What 
modest increases they’ve received have often 
been tied to industrial programming or tar- 
geted at community colleges (which, prior to 
Harper, were precluded from tapping coun- 
cil budgets). In addition, as a general rule, 
the increases have merely offset the effects of 
multiyear cuts imposed during various deficit 
reduction exercises. 


The councils have "The evidence 

is thin that a 
commercialization 
directive from the 
government leads to 
economic growth.” 


—Timothy Caulfield, 
University of Alberta 


coped with no-growth 
budgets in different ways. 
CIHR, for example, 
has opted to help grant- 
ees keep up with rising 
costs by offering larger 
grants to fewer research- 
ers, whereas NSERC has 
decided to increase the 
share of its budget going 
to promote industrial collaborations. Its so- 
called “fettered” research has grown in the 
past 5 years from $208 million to $360 mil- 
lion, while expenditures on basic research 
grants have dropped from $389 million to 
$322 million over the same period. 

As a result, the core budgets of each 
council have plummeted since 2007: The 
drop is 6.4% for NSERC, 7.5% for CIHR, 
and 10.1% for SSHRC. Not surprisingly, the 
success rate for discovery grants has also 
sunk, from 21% to 9% at CIHR, from 73% 
to 62% at NSERC, and from 40% to 27% at 
SSHRC, Turk says. 


Divided opinions 

University of Toronto professor of mathe- 
matics James Colliander says that the larg- 
est impact of Harper’s policies on academic 
scientists has been a shift in the incen- 
tive system to reward those whose work 
has industrial application. “What the gov- 
ernment is in some sense saying is: These 
eclectic people, with their ideas at the edge 
of knowledge of all human beings, are not 
important in Canada. Instead, we want those 
people in the academy that are closer to the 
business questions to be rewarded with 
funding. That’s the message that is illumi- 
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nating the exit signs for scientists and engi- 
neers to depart from Canada because their 
special skills aren’t valued.” 

Gregory Marchildon, Canada Research 
Chair in Public Policy and Economic His- 
tory at the University of Regina, says that 
the “federal government is dismantling 
key aspects of the scientific infrastructure” 
and that it will take “a generation or two 
to rebuild” the damage. The opposition’s 
Stewart says that the Harper government 
is coasting on investments past and that its 
strategy of “barking an order at someone” 
and telling them “to go from being a scien- 
tist to somebody who does industrial appli- 
cations” is doomed to fail. 

But Harper’s supporters say that the criti- 
cism of his policies is little more than over- 
heated rhetoric from a disgruntled community 
that now finds itself forced to survive on 
less-than Cadillac bud- 
gets in an era of fiscal 
constraints. Canadian 
science is actually quite 
robust, argues Eliot 
Phillipson, Sir John and 
Lady Eaton Professor of 
Medicine Emeritus at the 
University of Toronto. 
Phillipson chaired a 
Council of Canadian 
Academies’ panel that 
found only two fields—natural resources 
and environmental S&T—had lost ground 
between 2005 and 2010. 

The expressions of anxiety are a func- 
tion of a culture that is forever fretting about 
future funding, he adds. “It’s part of the 
scientific DNA.” 

Harper’s critics see the 2015 election— 
and a new prime minister—as the only way 
to get the country’s scientific enterprise 
back on track. But Bernstein, who once led 
CIHR and the Global HIV Vaccine Enter- 
prise, argues that the growing polarization 
and unease could be erased if Canada sim- 
ply abandons its “out-of-date” debate over 
basic versus applied research and sets ambi- 
tious national science targets. 

“T think we need to raise our sights,” he 
says. “I don’t think we should strive to be in 
the middle of the pack. It’s no different than 
the ‘Own the Podium’ approach that Canada 
used in the Olympics,” he explains, a strat- 
egy in which lavish funding for training pro- 
duced an abundance of medal winners at the 
2010 Vancouver Winter Games. “There’s no 
reason that Canada shouldn’t be at the very 
top, and we’re not.” 

—-WAYNE KONDRO 
Wayne Kondro is a freelance writer in Ottawa. 
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Coral Diseases Cause Reef Decline 


THERE HAS BEEN A GREAT DEAL OF DISCUSSION ABOUT THE ROLE OF BLEACHING IN CORAL REEF 
degradation worldwide (/—3), but little focus on the numerous other coral diseases that are also 
causing substantial declines. 

In the late 1970s and 1980s, disease caused extensive mortality in elkhorn coral (Acropora 
palmata) and staghorn coral (A. cervicornis), radically changing the shallow Caribbean sea- 
scape (4). The damage was so severe that these species became the only corals listed as threat- 
ened under the U.S. Endan- 
gered Species Act (5). More 
recently, almost all stony coral 
(Scleractinia) species in the 
Caribbean have been affected 
by one or more diseases. 
White plague and Caribbean 
yellow band have been par- 
ticularly devastating in the 
Caribbean, causing declines in 
living coral cover of more than 
50 to 60% (6-8). Diseases are 
becoming more widespread 
on Pacific reefs as well (9). 

Bleaching occurs with the 
disintegration and expulsion 
of symbiotic microalgae from 
corals, usually in association 
with higher seawater tempera- 
tures. Bleached corals are still 
alive, and bleaching is revers- 
ible if temperatures cool quickly enough. Bleaching differs from diseases that are associated 
with initial tissue loss. 

Disease outbreaks are not as predictable as bleaching episodes; sometimes extensive reef 
areas become diseased without any preceding bleaching event or several months after bleach- 
ing (8). Diseases can kill individual corals in the absence of any major outbreaks, causing 
inconspicuous but damaging incremental losses. Even low levels of disease can have serious 
consequences if they are chronic. 

With climate change, seawater temperatures are predicted to increase and bleaching epi- 
sodes are expected to become more frequent. However, the relationships among increasing 
seawater temperatures, bleaching, and disease have not been well-established (/0). 

To prevent and treat diseases as well as bleaching, we must conduct further research on 
the links between human actions and coral reef condition, as well as on the potential for reef 
resilience. Reducing stressors such as excess nutrients from sewage or high levels of sedi- 
mentation could make corals less likely to bleach or become diseased, and/or more likely to 
recover (//—/4). 


Diseased reef-building coral in the Caribbean. 
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BPWNP 


Reversing Excess 
Atmospheric CO, 


IN THEIR PERSPECTIVE “IRREVERSIBLE DOES 
not mean unavoidable” (26 April, p. 438, 
published online 28 March), H. D. Matthews 
and S. Solomon state that the effects of past 
anthropogenic CO, emissions are “irrevers- 
ible on a time scale of at least 1000 years.” 
Recent research suggests that this may not be 
true. A variety of carbon cycle interventions 
have been proposed, which in theory could 
substantially add to the natural, slow removal 
of atmospheric CO, [e.g., (/—4)] and/or 
increase the retention of carbon on land or in 
the ocean [e.g., (5—8)]. 

The natural fluxes of CO, into and out 
of the atmosphere, each more than 700 Gt/ 
year, are exquisitely balanced, and individu- 
ally dwarf the annual CO, input from human 
activity (9). Creating a relatively small 
decrease in this ratio of input to output CO, 
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biocrusts 


by means of active management of natural 
fluxes [e.g., (2, 7, 8)], purely artificial strate- 
gies [e.g., (7, 3)], or hybrid approaches [e.g., 
(1, 5, 6)] could therefore hasten the removal 
of CO, from the atmosphere. Indeed, the sen- 
sitivity of atmospheric CO, concentration to 
natural variations in this ratio is clearly evi- 
dent in this concentration’s seasonal rise and 
fall (70). 

The cost-effectiveness, safety, capacity, 
and environmental and societal desirability 
of proactively reducing atmospheric CO, 
input/output (in addition to reducing anthro- 
pogenic CO, emissions) have yet to be fully 
evaluated. Until these strategies are bet- 
ter understood, it is premature to conclude 
that removal of existing, excess atmospheric 
CO, cannot be accelerated. Such methods 
may indeed prove essential given our ongo- 
ing failure to reduce our CO, emissions and, 
hence, to stabilize if not lower historically 
unprecedented atmospheric CO, concentra- 
tions (/0) and associated effects on climate 
and ocean chemistry. 
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Response 

RAU AND LACKNER SUGGEST THAT WE SHOULD 
qualify our statements about the irreversibil- 
ity of anthropogenic climate change with 
a caveat acknowledging the possibility of 
future technological interventions that can 
either actively remove CO, from the atmo- 
sphere or artificially cool the planet by 
reflecting solar radiation. We agree that it is 
important to discuss and debate the potential 
utility and effectiveness of carbon dioxide 
removal technologies as a future strategy to 
decrease atmospheric CO, concentrations. 
However, we do not feel these technologies 
will be relevant for the time scales we dis- 
cussed in our Perspective. 

Geoengineering interventions involving 
solar reflection do not constitute true revers- 
ibility of climate change. This type of inter- 
vention would only temporarily decouple 
global temperatures from rising atmospheric 
CO, concentrations (/), would lead to con- 
tinuing ocean acidification (2), and could 
increase the risk of damaging changes in 
rainfall patterns (3, 4). 

Some carbon cycle geoengineering tech- 
nologies may provide true reversibility by 
accelerating the removal of anthropogenic 
CO, from the atmosphere. If these tech- 
nologies were combined with aggressive 
mitigation efforts, they could potentially 
meet long-term climate targets that would 
otherwise be inaccessible (5, 6). However, 
although such technologies may be effective 
in principle, and some have been subjected 
to limited tests, at present most remain far 
from development or implementation (7). 
In addition, many such technological inter- 
ventions in the climate system also carry 
the potential for environmental damage 
that may far exceed the climate benefit of 
sequestered CO, (8). 

Finally, technologies that hold the largest 
promise with the least potential for harm- 
ful side effects [notably those in the area 
of direct air CO, capture (9, /0)] are also 
thought to be very expensive and unlikely 
to be implemented on the time scale of the 
infrastructure commitments to carbon- 
intensive energy sources with which our 
article is concerned (5). 


In a discussion of the potential for 
immediate or near-future action to slow the 
growth of atmospheric CO,, we suggest that 
consideration of carbon dioxide removal (or 
other geoengineering) technologies would at 
best be not very relevant, and at worst could 
distract from the imperative of decreasing 
investment in energy technologies that lead 
to large CO, emissions. 
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Good Grades for 


Dual Education 


IN THE EUROPEAN UNION, 23.2% OF PEO- 
ple ages 15 to 24 (roughly 6 million people) 
are unemployed (/). Surprisingly, EU youth 
unemployment is higher in countries where 
more young people have university degrees. 
In France, Greece, and Spain, surveys show 
that 43, 42, and 39%, respectively, of peo- 
ple ages 25 to 35 have university degrees, 
compared with only 25% in Germany (2). 
However, the average youth unemploy- 
ment has risen to 26.5% in France, 57.9% 
in Greece, and 55.9% in Spain, whereas in 
Germany is it only 7.6% (J). 

One explanation for this discrepancy may 
be Germany’s vocational education model. 
Referred to as dual education, this system 
combines classroom and business, theory 
and practice, and learning and working. It 
has been widely recognized as contributing 
to Germany’s employment of young peo- 
ple (3, 4). More than 50% of German high 
school students enroll in the dual-education 
system instead of traditional higher education 
(5). In contrast, few high school graduates in 
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France choose vocational education (3, 6). 
Rather than improving youth skill through 
vocational education, the French government 
has relied on ambitious job creation plans for 
young people since the mid-1990s (4, 7). For 
example, the French government released 
a plan in 2009 to provide €1.3 billion ($1.7 
billion) in tax breaks and cash incentives for 
employers who hired young people. How- 
ever, the track record of targeted programs is 
dismal, and youth unemployment in France 
has continued to rise (/). 

Youth unemployment in the European 
Union reminds us that there is a deepen- 
ing mismatch between what the labor mar- 


ket needs and what the education system is 
producing. It is time to reform the current 
higher education system to prevent the most 
educated generation of young people from 
becoming a generation of the unemployed. 
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Perspectives: “The animal tree of life” by M. J. Telford (15 February, p. 764). In the original figure, the symbol indicat- 
ing multicellularity in the main group of animals was misplaced in both panels. The symbols have now been placed in the 
correct position. The revised figure is shown here. The figure has been corrected in the HTML and PDF versions online. 
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Letter, go to www.submit2science.org. 
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ENVIRONMENTAL HISTORY 


Worlds Built on Avian Excrement 


Frederick R. Davis 


environmental history of the Pacific 

world. Suppose further 
that after you peeled away the 
layers of large-scale climate 
fluctuations, continent-island 
dynamics, and the displace- 
ment of indigenous cultures for 
imperial enterprise and colo- 
nization, you discovered the 
heart of the matter, in all its 
slimy, slippery, smelly glory: 
bird shit. For the faint of heart: 
guano. In Guano and the Opening of the 
Pacific World, Gregory Cushman pursues this 
thought experiment with utterly magnificent 
results. 

To be fair, Cushman (a historian at the 
University of Kansas) acknowledges from 
the outset that excrement, avian or not, hardly 
serves as a topic for polite conversation. 
Disclaimers out of the way, he plunges into 
his topic arguing for the fundamental role 
of nitrogenous waste in the development of 
agricultural systems. Appropriately, the origi- 
nary story comes from indigenous sources in 
which a trickster escapes retribution with a 
disingenuous yet elemental excuse. 

Guano covers grand expanses of time 
and space. The second chapter, for exam- 
ple, opens with Alexander von Humboldt’s 
encounter with guano in Peru. Cushman 
then argues that after laboratories in Napole- 
onic Europe established Peruvian guano and 
nitrates as the two richest sources of nitro- 
gen ever discovered, they fueled the Northern 
Hemisphere’s ambitious demands for plan- 
tation crops, meat, sulfuric acid, high explo- 
sives, and imperial power. He concludes the 
chapter with the War of the Pacific (1879— 
1884), which was triggered by a devastating 
El Nifio event and led to the withdrawal of 
Peru from the “guano age.” Notwithstand- 
ing his focus on major events and ideas, a 
charming element of family history surfaces 
here and elsewhere: Cushmans (some related, 
others not) dot the story like far-flung Pacific 
islands. 

To explain how colonial regions in Aus- 
tralia, New Zealand, Chile, and the United 


S=° you decided to write a global 


History 


The reviewer is at the Department of History, Florida State 
University, Tallahassee, FL 32305-2200, USA. E-mail: 
fdavis@fsu.edu 


Guano and the Opening 
of the Pacific World 


A Global Ecological 


by Gregory T. Cushman 
Cambridge University Press, 
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States consolidated and sustained their pros- 
perity after exploiting the resources of initial 
colonization, Cushman offers 
“neo-ecological imperialism,” 
thereby refining a concept 
developed by Alfred Crosby 
(1). Indigenous peoples on 
Easter Island, Banaba, Niue, 
and other Pacific islands par- 
ticipated in the exploitative 
ecological regime for various 
reasons, thus securing survival 
despite suffering the onslaught 
of microbes in the form of dysentery and 
other diseases as well as parasitic forms of 
colonial trade and government. 

The 20th century ushered in the era of tech- 
nocracy in the guano islands as Peru sought to 
capitalize on their benefits. 
Collaborating with agro- 
exporters and capitalists, 
foreign and local scien- 
tists and engineers helped 
buffer the islands from 
the exploitation of global 
capitalism and World War 
I. During the interwar 
period, a single company 
consolidated these efforts 
and laid the foundation 
for the scientific conserva- 
tion of guano-producing 
birds. Although Peruvian 
technocrats continued to 
manage the “most valu- 
able birds in the world,” 
populations remained 
vulnerable to the extreme 
regional climatic shifts in 
the region, which gave rise 
to boom and bust years (of 
birds and guano). For this 
and other reasons, Cushman argues, Peru 
could not hope to feed its burgeoning popula- 
tion, at least not solely on the basis of agricul- 
tural nutrients from guano. 

The book reveals ornithologist William 
Vogt to be a strong candidate for the most 
underrated figure in the modern environ- 
mental movement. Vogt’s Peruvian-funded 
research on the guano islands and subsequent 
conservation surveys in Latin America led 
him to present a Malthusian case in The Road 
to Survival (2), some 14 years before Rachel 


2180/0) 


Carson’s renowned critique of pesticides. He 
follows the recommendations of Aldo Leop- 
old (a longtime friend) with respect to spe- 
cies management. Moreover, Vogt believed 
that guano could help address the challenge 
of feeding a growing world population. 

Insofar as ecology, in Cushman’s view, 
has the power to shape culture, geopoliti- 
cal events such as World War II transformed 
nature and culture in the Pacific world. Dur- 
ing and after the war, Pacific islanders found 
themselves uprooted without respect to their 
livelihoods. On the roster of deracinated 
islanders, Cushman includes Yali, whose 
query regarding global inequalities moti- 
vated Jared Diamond (3). Cushman, contra 
Diamond, argues that given the opportunity 
Yali could have offered personal insights 
into the social inequities that prompted his 
question. 

Guano played a substantial role in the 
Green Revolution in Mexico, which saw 
dramatically improved crop yields through 
the introduction of novel technologies in 
the form of new wheat cultivars, pesticides, 


Most important source. Guanays (Peruvian cormorants), Phalacrocorax 
bougainvillii, make the largest contribution to Peru’s guano. [Painting 
by Francis Lee Jacques from 1936 book by Robert Cushman Murphy (5).] 


and, especially, fertilizers. Not surprisingly, 
Cushman suggests that Peru’s Blue Revo- 
lution, the parallel expansion of marine 
resources through new inputs, also rested 
on a foundation of guano. Yet, technocrats 
made surprising choices in abandoning the 
guano birds to eliminate competition for 
Peru’s chemical industry. Rather than reveal- 
ing the need for intervention at the level of 
the state, as Garret Hardin argued in “The 
tragedy of the commons” (4), this displayed 
governmental technocratic overconfidence 
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in their ability to overcome dramatic swings 
in the ocean’s productivity. 

Given the book’s remarkable breadth and 
depth, it is tragic that the exigencies of aca- 
demic publishing have set the price beyond 
the reach of the casual reader. One can only 
hope that paperback and e-book editions are 
forthcoming. That said, Guano and the Open- 
ing of the Pacific World is a tour de force that 
deserves a wide audience. Cushman cov- 
ers an expansive range of topics that flow 
from its humble source and offers persua- 
sive arguments that challenge many aspects 
of received wisdom regarding natural versus 
cultural, indigenous versus colonial, island 
versus mainland, and local versus global. 
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NEUROSCIENCE 


Between Brain and 
Imaging Hype 
Charles Gross 


europhilosophy, neuromarketing, 

neuroliterature, neurolaw, neurothe- 

ology, neuroaesthetics, neuroeco- 
nomics, neuromusicology, and neuropolitics 
are some of the applications of brain imaging 
now flooding academia and the popular press. 
A critical reaction against “neurohype,” 
“neuromania,” and “neurobollocks”—this 
imperialist attempt of “neuroscience” to 
swallow other disciplines—is also growing. 
Brainwashed: The Seductive Appeal of Mind- 
less Neuroscience offers a set of cautionary 
essays on unproven or incorrect claims about 
the applications of neuroimaging, particu- 
larly functional magnetic resonance imaging 
(fMRI). Authors Sally Satel (a psychiatrist 
in Washington, D.C.) and Scott Lilienfeld (a 
clinical psychologist at Emory University) 
provide an elementary introduction to fMRI 
and discuss important problems and pitfalls 
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in the design and analysis of MRI studies. In 
general, they are hardly Luddites, being very 
sympathetic to the potential power of imag- 
ing to understand the brain. 

Satel and Lilienfeld consider five areas 
of applications of neuroimaging, beginning 
with neuromarketing, the use 
of fMRI and electroencepha- 
lography (EEG) scans to assess 
customer preferences. The 
effectiveness of such growing 
techniques remains unclear, 
as most company data are 
kept secret. It is even uncer- 
tain whether they are more 
effective than focus groups. 
Although the authors’ account 
is interesting, because the 
results of neuromarketing are unlikely to be 
more deceptive or misleading than other mar- 
keting techniques, there seems to be little to 
fuss over scientifically or ethically. At worst, 
the apparently high costs of neuromarketing 
research will be passed on to the consumer. 

In their chapter on addiction, the authors 
very strongly oppose the view—advanced, 
for example, by the U.S. National Institute 
on Drug Abuse—that “addiction is a brain 
disease.” As they put it, 


The neurocentric perspective encourages 
unwarranted optimism regarding pharma- 
ceutical cures and oversells the need for 
professional help. It labels as “chronic” 

a condition that typically remits in early 
childhood. The brain-disease story gives 
short shrift to the reality that substances 
serve a purpose in addicts’ lives and that 
neurobiological changes induced by alco- 
hol and drugs can be overridden. 


These claims seem doubtful. Most stud- 
ies find a paucity of professional help for 
addicts, and some conventional diseases 
remit. The authors’ belief that “the most 
effective interventions aim not at the brain 
but at the person” seems to contradict their 
admission that life experiences affect the 
brain. Do they really think that dealing with 
the personal and emotional needs of addicts 
is dealing with something other than a dis- 
turbed brain? Of course, talk therapy may be 
as effective for treating brain disturbances as 
pharmacology. 

More valuable is the critique of the use 
of imaging for lie detection. In spite of the 
extraordinary claims of several lie-detecting 
firms, Satel and Lilienfeld cite overwhelm- 
ing evidence that the use of imaging for reli- 
able lie detection in the real world is incon- 
ceivable (at least for the foreseeable future). 


Brainwashed 


The Seductive Appeal of 
Mindless Neuroscience 


by Sally Satel and 


Scott 0. Lilienfeld 

Basic Books, New York, 
2013. 250 pp. $26.99, C$30. 
ISBN 9780465018772. 


In the chapter “My amygdala made me 
do it,” the authors discuss the increasing use 
of imaging in the courtroom. They note how, 
at least for mock juries in the laboratory, 
the presentation of imaging evidence can 
be very deceptive. They conclude that the 
potential for functional brain 
imaging to mislead currently 
exceeds its capacity to inform, 
although the ratio may eventu- 
ally shift in favor of the value 
of scans for some purposes as 
technical advances emerge. 

Because most biologi- 
cal scientists (including the 
authors) believe that behavior 
is a function of the brain whose 
properties are determined by 
genetics and experience, one wonders where 
that leaves moral responsibility and “free will.” 
In an unoriginal discussion, Satel and Lilien- 
feld favor “compatibilism’—as did Aristotle 
(384-322 BCE) and, more recently, Thomas 
Hobbes (1588-1679) and David Hume (171 1— 
1776). In the authors’ formulation, 


Even if human beings lack ultimate free- 
dom (that is, they lack the capacity to have 
done otherwise), we can consider mentally 
intact adults morally responsible because 
they have the abilities to engage in con- 
scious deliberation, follow rules, and gen- 
erally control themselves. 


Perhaps most interesting is their attention, 
in their defense of retributive justice, to the 
emotional needs of crime victims. 

The most valuable part of this timely 
series of essays is the extensive set of end- 
notes, which include important papers and 
books. However, many of the notes take 
a position different from or irrelevant to 
the text. Furthermore, given historical and 
other errors, it is not clear to what extent the 
authors are familiar with this material. 

Unfortunately, Brainwashed includes 
little about major technical developments 
in the past decade, such as diffusion tensor 
analysis (a method of studying brain connec- 
tions) or the analysis of the temporal rela- 
tions among activity in different brain areas. 
And nowhere do the authors even mention 
the problems of relating {MRI activation to 
the underlying neuronal activity. Satel and 
Lilienfeld are correct that imaging claims 
garner many pop-science headlines. But in 
casting their critical net over “neuroscience,” 
they seem unaware that most contemporary 
neuroscientists are not (yet) brain imagers 
but molecular or systems neuroscientists. 
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GLOBAL HEALTH 


The Global Prevalence of Intimate 
Partner Violence Against Women 


K. M. Devries,'+ J. Y. T. Mak,’ C. Garcia-Moreno,”* M. Petzold,’ J. C. Child,’ G. Falder,' S. Lim,’ 
L. J. Bacchus,’ R. E. Engell,’ L. Rosenfeld,’ C. Pallitto,2* T. Vos,’ N. Abrahams,‘ C. H. Watts’ 


iolence against women is a phenom- 

enon that persists in all countries (/). 

Since the 1993 World Conference 
on Human Rights and the Declaration on the 
Elimination of Violence against Women, the 
international community has acknowledged 
that violence against women is an important 
public health, social policy, and human rights 
concern. However, documenting the magni- 
tude of violence against women and produc- 
ing reliable comparative data to guide policy 
and monitor progress has been difficult. 

The most common form of violence that 
women experience is from an intimate part- 
ner (IPV). This violence may be physical, 
sexual, or emotional. Most research to date 
has focused on assessing the prevalence and 
impacts of physical and/or sexual violence 
by partners. The short- and long-term health 
impacts of women’s exposures to physi- 
cal and/or sexual IPV are multiple (2). For 
example, it is a leading cause of homicide 
death in women globally (3) and is associ- 
ated with increased levels of depression and 
suicidal behaviors (4). Prospective research 
from South Africa and Uganda shows that 
women exposed to physical and/or sexual 
IPV are more likely to acquire HIV infec- 
tion (5, 6). The health and social impacts 
result in substantial economic costs, with 
one study estimating the cost of IPV at 
more than £15 billion in England and Wales 
in 2009 alone (7). 

There are high-level global commitments 
to addressing violence against women and 
gender inequality, including IPV. The 2013 
United Nations Commission on the Status of 
Women focused on prevention and elimina- 
tion of all forms of violence against women 


1Gender Violence and Health Centre, London School of 
Hygiene and Tropical Medicine, London WC1E 7HT, UK. 
@World Health Organization (WHO), 1211 Geneva, Switzer- 
land. *University of Gothenborg, 411 37 Gothenberg, Swe- 
den. “Institute for Health Metrics and Evaluation, University 
of Washington, Seattle, WA 98121, USA. *Medical Research 
Council, Tygerberg 7505, South Africa. 


*The author is a staff member of the World Health 
Organization. The author alone is responsible for the 
views expressed in this publication and they do not 
necessarily represent the views, decisions, or policies of the 
World Health Organization. *Author for correspondence: 
karen.devries@lshtm.ac.uk 


www.sciencemag.org SCIENCE 


and girls; the UN Secretary General’s UNiTE 
Campaign focuses on ending violence against 
women; and Millennium Development Goal 
3 aims specifically “to promote gender equal- 
ity and empower women.” Similarly, many 
national governments have laws that explic- 
itly criminalize intimate partner violence. 

There is growing consensus in the 
research community on how to document the 
prevalence of women’s exposures to physi- 
cal and/or sexual partner violence in an ethi- 
cally responsible way (8). “Gold standard” 
research methods include the conduct of one- 
on-one interviews in private, where women 
are asked direct, specific questions about their 
experience of a range of violent acts, includ- 
ing slaps, punches, kicks, the use of weapons, 
and forced or coerced sex (9). 

As a result of this consensus and a greater 
global commitment to addressing violence 
against women, over the past decade, there 
has been a rapid expansion in the number of 
population studies examining IPV prevalence. 
However, existing surveys vary considerably 
in the specific measure of exposures to vio- 
lence used, the populations sampled, and other 
characteristics. This has resulted in a large 
body of available prevalence data, but under- 
lying challenges in interpretation, because of 
the lack of comparability across studies. We 
here present a synthesis of current evidence 
that provides new estimates of global and 
regional prevalence of IPV against women. 


Synthesizing Evidence to Estimate Prevalence 
Our research involved two main steps [all 
detailed in supplementary materials (SM)]. 
First, we did a systematic review of all avail- 
able global prevalence data from studies rep- 
resentative at national or subnational levels. 
We searched 26 medical and social science 
databases, performed additional analysis of 
the WHO Multi-Country Study on Women’s 
Health and Domestic Violence (10 coun- 
tries), and requested additional analysis of the 
International Violence Against Women Sur- 
veys (8 countries); Gender, Culture and Alco- 
hol: An International Study (16 countries); 
and the Demographic and Health Surveys to 
2009 (20 countries) to obtain further preva- 
lence estimates. 
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Data from 81 countries was used to estimate 
global prevalence of intimate partner violence 
against women. 


Second, we used classical meta-regres- 
sion methods to estimate women’s lifetime 
prevalence of IPV (see SM). We modeled 
estimates for 21 global regions, adjusted for 
differences in study quality and characteris- 
tics, and provide age-standardized estimates, 
which reflect country age- and sex-specific 
population structures in 2010. 

Data from 141 studies in 81 countries 
informed our estimates. Studies provided 
data on physical or sexual partner violence, 
or both, of different severity levels, occur- 
ring over different time periods and for age 
groups. The earliest study collected data 
in 1983; however, 96% of estimates that 
informed our model came from studies with 
data collected in 1999 or later. In all, 80% of 
estimates used a gold standard definition of 
IPV measurement (see SM). 

The results show that globally, in 2010, 
30.0% [95% confidence interval (CI) 27.8 
to 32.2%] of women aged 15 and over have 
experienced, during their lifetime, physi- 
cal and/or sexual intimate partner violence. 
There is considerable regional variation in the 
prevalence of physical and/or sexual partner 
violence (see the graph). 


Implications for Policy 

Given the high prevalence of IPV in all regions 
of the world, a greater focus on primary pre- 
vention is urgently needed alongside the pro- 
vision of health, social, legal, and other sup- 
port services (/0). The prevention field is still 
in its nascence, but emerging evidence sug- 
gests several promising areas of intervention. 

The strong association between exposure 
to violence in childhood and later experi- 
ences or perpetration of violence highlights 
the potential importance of interventions to 
prevent child maltreatment and witnessing 
of violence by their parents (/0). For exam- 
ple, parenting interventions and social norm 
change to reduce the use of violence against 
children (10) and the provision of support 
to children living in violent families are 
possibilities. 

Secondary education for women is con- 
sistently associated with lower levels of IPV, 
but women’s employment has been shown to 
have the potential to either reduce or increase 
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risk, depending upon geocultural context. In 
rural South Africa, an intervention that com- 
bined economic and social change program 
components showed a 55% reduction in past 
year levels of IPV over 2 years (//). 

Atthe societal level, there is a need to chal- 
lenge social norms that may condone some 
forms of IPV and male control over women, 
as well as norms that result in IPV being 
seen as a private issue, rather than a public 
concern. There are many promising social 
change interventions, including initiatives to 
support increased local activism against vio- 
lence, to engage men and boys in violence 
prevention, and to use the media to promote 
nonviolent and gender equitable relationships 
and encourage neighbors to take action when 
violence occurs (/0). Interventions to chal- 
lenge social norms that promote problematic 
alcohol use among men, which is commonly 
associated with an increased severity and fre- 
quency of perpetration of IPV against female 
partners, are also needed (/2). 

The UN estimates that more than 600 mil- 
lion women live in countries where domestic 
violence is not considered a crime (/3). Laws 
are important both to symbolize the unaccept- 
ability of IPV, as well as to provide a potential 
mechanism of legal recourse for women. At 
the national level, there is a need also to pro- 
mote equal economic rights and entitlements 
for women—including equal access to for- 
mal wage employment, equal participation 
in schooling, and access to secondary educa- 
tion—and to address potentially discrimina- 
tory family law that may limit women’s abil- 


ity to divorce or maintain custody of their 
children (/4). 

Given the impacts and high prevalence of 
IPV it is likely that many women using health 
services are experiencing or have histories of 
abuse. The WHO, along with other profes- 
sional health bodies, have produced guidance 
on how best to provide health care and sup- 
port to women who have experienced vio- 
lence (15). This work highlights the potential 
for health services to help identify, support, 
and refer women who are experiencing IPV 
and the need to support children growing up 
in households where there is IPV. It also iden- 
tifies potential health sector entry points for 
an effective response. 

IPV is a complex issue, and there are no 
quick-fix solutions. However, the global vari- 
ation in the levels of violence highlight that 
IPV is not inevitable. There are multiple, 
important intervention entry points, and a 
concerted, multisectoral response is needed. 
Alongside the provision of services, an 
increased investment in violence prevention 
should form a central part of an expanded 
response. Research has a central role in 
this initiative, to support learning about the 
impact of different promising interventions 
being implemented globally, their costs, and 
how to take interventions to scale. Without 
such investments, the high levels of IPV doc- 
umented here may continue unabated. The 
international community must honor com- 
mitments it has made over the past decade 
and devote resources to reducing violence 
against women, including IPV. 
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NEUROSCIENCE 


Garbage Truck of the Brain 


Maiken Nedergaard 


ssentially all neurodegenerative dis- 
EK eases are associated with misaccumu- 
lation of cellular waste products. Of 
these, misfolded or hyperphosphorylated pro- 
teins are among the most difficult for the brain 
to dispose. For example, tau and B-amyloid 
can accumulate as stable aggregates that are 
neurotoxic in conditions such as Alzheimer’s 
disease (/). Intracellular proteasomal degra- 
dation and autophagy are considered the prin- 
cipal means for removing proteins in the cen- 
tral nervous system, and the dysfunction of 
each has been causally associated with neuro- 
degeneration (2). Yet many cytosolic proteins 
are released into the interstitial space in the 
brain, suggesting that extracellular disposal 
routes may also eliminate waste (3). 
Throughout the body’s tissues, bulk flow 
of the fluid between cells, into the blood or 
lymph, plays an important role in the removal 
of potentially toxic metabolic by-products. 
Lymphatic vessels, which run in parallel with 
the blood vascular system, are the principal 
means by which tissues eliminate excess 
fluid and proteins. Although the density of 
lymph vessels generally correlates with tis- 
sue metabolic rate (4), the brain and spinal 
cord are curiously devoid of such a lymphatic 
tree. This is puzzling because the high met- 
abolic activity of neurons predicts the need 
for rapid elimination of their metabolic by- 
products. It was long thought that movement 
of the cerebrospinal fluid (CSF), which is 
produced in the choroid plexus of the brain 
and flows through its ventricles and basal cis- 
terns, constitutes a “sink” for waste products 
to diffuse from the brain, for eventual clear- 
ance to the general circulation. However, the 
large tissue distances in most of the brain pre- 
vent diffusion and bulk flow from making 
this process efficient. Albumin, for instance, 
would require more than 100 hours to diffuse 
through | cm of brain tissue (5). 
Two-photon imaging of live mice through 
a closed cranial window has since permit- 
ted the direct observation of CSF move- 
ment through the intact brain. This tech- 
nique revealed that CSF is exchanged rap- 
idly with interstitial fluid (ISF) in the brain 
by a highly organized, brain-wide pathway 
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An intercellular “glymphatic” pathway clears 
cell waste from the brain and may reveal 
new targets for treating neurodegenerative 
diseases. 
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Go with the flow. Convective glymphatic fluxes of CSF and ISF propel the waste products of neuron metabo- 
lism into the paravenous space, from which they are directed into lymphatic vessels and ultimately return to 
the general circulation for clearance by the kidney and liver. 


that consists of three serial elements: a para- 
arterial CSF influx route, a paravenous ISF 
clearance route, and an intracellular trans- 
astrocytic path that couples the two extra- 
cellular paravascular routes (6). Specifically, 
CSF passes through the para-arterial space 
that surrounds arteries; the space is bound 
by the abluminal surface of the blood vessel 
and the apical processes of astrocytes. Water 
channels called aquaporin 4 (AQP4) on the 
vascular endfeet of astrocytes (7) facilitate 
convective flow out of the para-arterial space 
and into the interstitial space (see the fig- 
ure). As CSF exchanges with the ISE, vec- 
torial convective fluxes drive waste products 
away from the arteries and toward the veins. 
ISF and its constituents then enter the para- 
venous space. As ISF exits the brain through 
the paravenous route, it reaches lymphatic 
vessels in the neck, and eventually returns its 
contents to the systemic circulation. Radio- 
label tracer studies indicate that 40 to 80% of 
large proteins and solutes are removed from 
the brain through this macroscopic clearance 
pathway (6). CSF can also exit through the 
arachnoid villi, which extend through the 
outer protective membrane layer of the brain 
and allow CSF to exit to the bloodstream, as 
well as at sites along the cavity and cranio- 
spinal nerve roots. Regardless of the route, 
its solutes and proteins ultimately reach the 
liver, where they are degraded. As such, the 
“glymphatic system”—so-named for its 
dependence on glial water channels and its 


adoption of a clearance function similar to 
that of the peripheral lymphatic system— 
avoids the need for local protein processing 
and degradation. Instead, it facilitates trans- 
port to the same central excretion and recy- 
cling sites used by other tissues. 

Studies of mice genetically engineered to 
lack AQP4 showed that fluid flux through the 
glymphatic pathway relies on specific expres- 
sion of this water channel along the apical 
membrane of vascular endfeet of astrocytes 
(6). When AQP4 is mislocated to the cell body 
of astrocytes or to astrocytic processes that do 
not abut the vasculature, as observed in trau- 
matic brain injury or stroke (8, 9), clearance 
of soluble proteins through the glymphatic 
system declines substantially. 

An interesting question is whether the 
glymphatic system plays a role in spreading 
fibrillary tau aggregates through the intersti- 
tial space in neurodegenerative disease. The 
injection of brain extracts from mice contain- 
ing an aggregation-prone form of human tau 
protein, into the brains of mice expressing 
wild-type human tau, induces self-assembly 
of the wild-type human tau into filaments. 
This results in the pathological spread of tau 
aggregates from the injection site to distant 
brain regions (2, 3, /0). 

Perhaps the most persuasive example of 
CSF recycling as the cause of dispersing the 
initial seeds of tau tangles is after traumatic 
brain injury. As a result of axon damage, the 
tau concentration in CSF increases by as much 
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as a factor of 40,000 (77). Consequently, as 
the heavily tau-laden CSF enters the brain tis- 
sue through the para-arterial space, it is taken 
up by cells closest to the paravascular bound- 
ary, thereby generating the typical paravascu- 
lar predominance of tau-immunoreactive neu- 
rofibrillary tangles (/2). Similarly, glymphatic 
CSF influx may also act as a constant source 
for delivering B-amyloid, which could con- 
tribute to the growth of para-arterial deposits 
in cerebral amyloid angiopathy. In turn, the 
same para-arterial space that normally func- 
tions as a low-resistance influx path for CSF 
will narrow as the amyloid plaques enlarge, 
slowing glymphatic clearance and thus accel- 
erating amyloid deposition (/3). 

As such, studies of the multiple pathways 
involved in glymphatic clearance may iden- 
tify new targets for treating neurodegenerative 
diseases. For example, mislocation of AQP4 
water channels may contribute to neuro- 
degenerative disease progression. Thus, 
potentiating the insertion and activity of AQP4 
channels in astrocytic vascular endfeet might 
mitigate or even reverse the course of protein- 
associated neurodegenerative disorders. 


Can the efficiency of glymphatic clear- 
ance be assessed? Preclinical analysis in rats 
shows that magnetic resonance imaging can 
provide a brain-wide map of both glymphatic 
influx and efflux, by which clearance kinet- 
ics can be derived and compared across sub- 
jects (14, 75). By extending this approach 
to humans, it may be possible to identify 
patients at risk for developing Alzheimer’s 
disease who would benefit from therapeu- 
tic intervention before symptomatic neuro- 
degeneration ensues. Similarly, this type of 
analysis might allow the monitoring of treat- 
ment responses, as well as the identification 
of genetic markers that predict enhanced sus- 
ceptibility to glymphatic decline. Such an 
approach also may be suitable for victims of 
brain injury who develop chronic traumatic 
encephalopathy, which is characterized by 
paravascular tau tangles and premature neu- 
ronal degeneration (/2). There are currently 
no definitive diagnostics that identify suscep- 
tible individuals, and thus no means by which 
to achieve early clinical intervention. Recog- 
nition that the brain, like all other organs, uses 
both local and organ-wide mechanisms for 


clearing interstitial protein waste may offer 
new insights into the pathophysiology and 
prophylaxis of neurodegeneration, as well 
as injuries and proteinopathies of the human 
central nervous system.. 
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More Can Be Better in N, Activation 


Michael D. Fryzuk 


itrogen is essential for life, but only 
a few organisms can convert the 
abundant dinitrogen (N;) molecules 
from the air into chemically usable forms of 
nitrogen. The Haber-Bosch process, devel- 
oped over 100 years ago (/), combines N, 
and H, gases over activated iron surfaces to 
generate ammonia (NH;) for use as fertilizer 
or to produce other chemicals, but this pro- 
cess is extremely energy intensive. Chemists 
have long searched for a low-energy process 
that converts N, to ammonia or higher-value 
nitrogen compounds such as N-heterocycles 
or amines. However, the intrinsic inertness of 
N, has made it challenging to discover metal 
complexes that can both bind and activate 
it. On page 1549, Shima ef al. report a triti- 
tanium hydride cluster that cleaves N, and 
functionalizes it to form N-H bonds (2). 
Since the discovery of the first dinitro- 
gen complex [Ru(NH;);N,]** in 1965, many 
decades of research have been invested in 
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the search for soluble complexes that bind, 
activate, and functionalize N, (3). Generally, 
coordination of N, to a single metal center 
can result in mild activation, as determined 
by an increase in bond length or a decrease 
in stretching frequency from free N,. Higher 
levels of activation have been found when N, 
binds to two or more metal centers. 

The ability of hydride complexes to bind 
dinitrogen with loss of H, has been known 
since the late 1960s (4). In these early cases, 


Asoluble trititanium hydride cluster cleaves 
molecular nitrogen and forms N-H bonds. 


the dinitrogen unit was only slightly acti- 
vated upon coordination. A more recent 
study showed that ditantalum tetrahydride 
complex can activate N, but cannot cleave 
the very strong N-N triple bond (5). A dini- 
obium tetrahydride complex has since been 
reported to cleave N, completely to generate 
a diniobium dinitride species, but without 
N-H bond formation (6). This work showed 
that N, could be activated by elimination of 
H,, which is a source of two electrons for 
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How N, is caught and converted. Shima et al. show that trititanium heptahydride 1 can activate molecular 
nitrogen to generate trititanium imide-nitride 2. The latter can further react with more N, to produce the 
trititanium triimide-nitride 3. Both processes are unprecedented and will guide future studies in N, activation. 
Cp’, tetramethyl(trimethylsilyl)cyclopentadienyl. 
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each H, unit lost; those electrons can be used 
to activate the N, unit. 

Shima et al. show how the trimetallic hep- 
tahydride Cp’;Ti,H, (see the figure, 1) can 
activate and cleave one equivalent of N, under 
very mild conditions to form a complex with 
one nitride bound to the three titanium atoms 
at the center and one bridging imide (the 
Ti(NH)Ti unit, see the figure, 2), accompa- 
nied by the release of two equivalents of dihy- 
drogen (H;). Further reaction with N, under 
more forcing conditions (180°C, no solvent) 
results in a triimido-nitride species (see the 
figure, 3). The authors provide compelling 
experimental evidence on exactly how these 
reactions proceed and back up their experi- 
ments with computational results. 

What is particularly appealing about this 
report is the data on proposed intermediates 
during the transformation that generates com- 
pound 2. Monitoring the reaction of '°N, with 
the heptahydride 1 at low temperatures shows 
evidence for the formation of two intermedi- 
ates. The first intermediate is an end-on side- 
on bound N, complex formed through loss of 


H,. This is followed by scission of the N-N 
bond to generate a di-l-nitride trihydride. 
The latter species slowly transforms to the 
imide-nitride 2 via a reductive elimination 
of one of the bridging hydrides to a nitride 
to generate a N-H bond. Both transformation 
processes are unprecedented in the dinitro- 
gen activation literature. The N-H—forming 
process mimics one of the steps suggested on 
iron surfaces for the formation of ammonia 
in the Haber-Bosch process, albeit with dif- 
ferent metals. 

The biological process of nitrogen fixation 
involves the enzyme nitrogenase and a cofac- 
tor containing a multi-iron site that binds N, 
and converts it to ammonia. The detailed 
mechanism of ammonia formation from 
atmospheric N, by nitrogenase remains to be 
resolved, but it has recently been suggested 
(7) that the initial N, binding step involves 
H, elimination from the cofactor, perhaps 
from iron hydride moieties at the active site. 
The trititanium system reported by Shima 
et al. is by no means a model for nitrogenase, 
but both systems involve multimetiallic sites, 


PEROre LIVES 


which may be beneficial for N, reduction. 

Clearly, having more than two metal cen- 
ters and multiple hydrides present allows 
more N, to be activated, along with the for- 
mation of N-H bonds. But it is not as sim- 
ple as more-is-better. Shima ef al. report that 
tetrametallic hydride clusters of the formula 
Cp’,M,H,, where M is Ti, Zr, and Hf, do 
not react with dinitrogen under any circum- 
stances. Future studies should investigate 
how other multimetallic sites may be used to 
activate small molecules, especially nature’s 
most inert diatomic molecule, N,. 


References 

. M. Peplow, Chem. World, 48 (May 2013). 

. T. Shima et al., Science 340, 1549 (2013). 

. M.D. Fryzuk, Chem. Commun. (Camb.) 49, 4866 (2013). 

. J. Ballmann, R. F. Munha, M. D. Fryzuk, Chem. Commun. 
(Camb.) 46, 1013 (2010). 

5. M.D. Fryzuk, Acc. Chem. Res. 42, 127 (2009). 

6. F. Akagi, T. Matsuo, H. Kawaguchi, Angew. Chem. Int. Ed. 

46, 8778 (2007). 

7. B.M. Hoffman, D. Lukoyanov, D. R. Dean, L. C. Seefeldt, 

Acc. Chem. Res. 46, 587 (2013). 


PWNP 


10.1126/science.1240365 


MICROBIOLOGY 


Eliminating Malaria 


David A. Fidock 


alaria kills more young children 
than any other infectious disease. 
The most pernicious causal agent, 


the protozoan parasite Plasmodium falci- 
parum, is responsible for the death each year 
of more than half a million children, mostly 
in sub-Saharan Africa. Until recently, con- 
trol efforts were thwarted by pyrimethamine- 
and chloroquine-resistant parasites, whose 
appearance in Africa was traced back to ori- 
gins near the Thai-Cambodian border. For- 
tunately, the discovery of the potent antima- 
larial properties of artemisinin (/) has helped 
turn the tide against malaria. Artemisinin- 
based combination therapies (ACTs), which 
combine a potent but short-lived artemis- 
inin derivative with a longer-lasting partner 
drug, have now been officially adopted across 
virtually the entire malaria-endemic world. 
Their deployment, along with efforts to dis- 
tribute insecticide-treated bednets, is asso- 
ciated with recent substantial reductions in 
malaria burden. However, recent studies from 
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Cambodia and now Thailand show that once 
again resistance is looming as a major threat 
to global control efforts (see the figure) (2, 3). 

Emerging resistance to artemisinins is 
defined as a reduced rate of parasite clearance 
after administration of an artemisinin deriva- 
tive such as artesunate or an ACT. In western 
Cambodia, the epicenter of resistance, artesu- 
nate treatment yielded a mean clearance half- 
life of 5.9 hours in Pursat, as opposed to 2 
hours for a comparator drug-sensitive cohort 
in Wang Pha, western Thailand (4). Delayed 
clearance translates into an increased propor- 
tion of individuals having microscopically 
detectable blood-stage infections by the third 
day of treatment and raises the risk of parasite 
recrudescence (i.e., disease reappearance). 
Major efforts are under way in this region to 
eliminate malaria while ACTs remain clini- 
cally effective, with the theory that nothing 
short of elimination will prevent its global 
dissemination. 

Mode-of-action studies, while contro- 
versial, mostly converge on the idea that 
artemisinins can be activated in the para- 
site via iron-mediated scission of the perox- 
ide bridge following hemoglobin proteolysis 


Global eradication requires concerted efforts 
to combat emerging resistance to the potent 
antimalarial artemisinin. 


and release of ferric heme iron (5). This can 
lead to the formation of carbon-centered radi- 
cals that trigger cell death. This mechanism 
can account for drug action during most of 
the 48-hour intraerythrocytic developmental 
cycle, although how artemisinins act against 
the very early “ring” stages that form shortly 
after host cell invasion remains enigmatic. 

In vitro studies on P falciparum cultures 
exposed to high concentrations of artemis- 
inin show that parasites can acquire an ini- 
tial state of tolerance (6) whereby early ring- 
stage parasites adopt a drug-induced quies- 
cent or dormant state and then resume nor- 
mal growth upon drug removal (7). This trait 
is distinct from mechanisms of resistance 
to other antimalarials, which typically per- 
mit robust growth despite drug treatment 
and often involve genetic changes that alter 
drug targets or efflux systems (e.g., PfCRT 
or PfMDR1). Further research is needed to 
define the molecular basis of in vitro toler- 
ance or resistance, understand its relation to 
delayed clearance rates, and model how resis- 
tance, parasite fitness, transmission intensity, 
and treatment coverage collectively influence 
the spread of resistance. 
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Spread of P. falciparum resistance. Appearance 
and spread of resistance to former first-line antima- 
larials chloroquine and pyrimethamine (clear and 
orange ovals, respectively), showing migration from 
Southeast Asia to Africa. Emerging resistance to 
artemisinins is now documented in Southeast Asia, 
raising concerns about its future migration to Africa. 
Resistance patterns are overlaid onto a geostatis- 
tics map of P. falciparum entomological inoculation 
rates (EIR; numbers of infectious mosquito bites per 
individual per year) modeled for 2010 (16). 


Recent high-density genotyping stud- 
ies with clinically defined Southeast Asian 
patient isolates showed that parasite clearance 
rates have a predominantly heritable com- 
ponent, which was associated with a 35-kb 
region on chromosome 13 (8). A separate 
genome-wide association study also associ- 
ated delayed clearance with single-nucleotide 
polymorphisms on chromosomes 13 and 10 
(9). The chromosome 13 candidate markers 
identified in these two studies did not over- 
lap, suggesting intrinsic difficulties in obtain- 
ing sufficiently high resolution to identify the 
causal gene and/or the presence of multiple 
genetic determinants on that chromosome. 

Novel insights into the genetic basis of 
artemisinin resistance were recently provided 
by whole-genome sequencing of 825 parasite 
strains from Asia and Africa, which identi- 
fied a highly unusual population structure in 
parasites from western Cambodia (/0). This 
region harbors four genetically highly differ- 
entiated but nonetheless sympatric parasite 
subpopulations termed KH1 to KH4. Three 
(KH2, 3, and 4) showed a significant pro- 
longation of parasite clearance half-life rela- 
tive to the KH1 subpopulation that was com- 
monly observed in largely artemisinin-sen- 
sitive neighboring regions. One explanation 
might be the presence of multiple genetic loci 
that collectively confer upon each subpopula- 


tion the ability to survive artemisinin expo- 
sure; independent segregation of these genes 
during sexual recombination would thus be 
selected against during treatment. Alterna- 
tively, the lack of recombination may reflect 
relatively recent founder events that sepa- 
rately acquired a primary resistance determi- 
nant and that have not yet had time to recom- 
bine frequently and disrupt linkage disequi- 
librium. In KH2 parasites, chromosome 13 
showed extensive linkage disequilibrium, 
with a single haplotype extending across 
half the 4-Mb chromosome; this makes the 
identification of specific changes associated 
with delayed clearance rates particularly 
challenging. Among the genome-wide can- 
didates were several transporter genes that 
have highly differentiated sequences in the 
founder subpopulations, including the ABC 
transporters Pf(MDR1 and PF13_0271 that 
might restrict drug access to its site of action. 

This study also identified substantial 
changes in the DNA mismatch repair path- 
way, including the repair heterodimer MutLa 
(consisting of PMS1 and MLH1) and its 
physical partner UvrD (J0). Resistance- 
associated mutations in DNA repair path- 
ways were separately observed for Rad5 (9), 
which is involved in the DNA damage toler- 
ance pathway of postreplication repair (//). 
Mutations in this pathway have been impli- 
cated in cell cycle arrest in yeast and might 
play a similar role in P falciparum. The 
presence of DNA repair variants in the KH1 
subpopulation also suggests that some 
changes may predate artemisinin resis- 
tance—for example, by creating initial 
hypermutator strains that accelerate the fre- 
quency of resistance. This finding recalls the 
earlier report of an ARMD (accelerated resis- 
tance to multiple drugs) phenotype in some 
Southeast Asian parasites (/2). Interestingly, 


some MLHI variants in yeast can suppress 
meiotic crossovers (//), raising the possibil- 
ity that the changes in P falciparum might be 
used to preserve linkage disequilibrium and 
polygenetic traits. 

Molecular tools are urgently needed to 
monitor artemisinin resistance and to identify 
therapeutic approaches to contain it. Forward 
genetic methods, which entail crossing drug- 
resistant and drug-sensitive parasites and 
which previously localized the genetic deter- 
minants mediating resistance to chloroquine 
and pyrimethamine, would be useful if the 
trait followed a pattern of Mendelian inheri- 
tance. This trait could be quantified using an 
in vitro assay recently used to study parasite 
ring-stage susceptibility to artemisinins (7). 
Such crosses, which until now have required 
nonhuman primates, may be achievable using 
a new human hepatocyte- and erythrocyte- 
engrafted FRG NOD mouse model that per- 
mits mosquito-delivered P falciparum par- 
asites to progress through the liver and be 
recovered as blood-stage forms (/3). Reverse 
genetic approaches, where candidate genes 
are modified via allelic exchange and pheno- 
typic changes assessed, also benefit from the 
recent development of customized zinc finger 
nuclease—mediated gene editing in P falci- 
parum (14). This makes it feasible to assess a 
panel of candidates, with the goal of defining 
DNA sequence markers to inexpensively and 
rapidly screen for the spread of resistance, 
and begin to delineate its molecular basis. 
Finally, taking inspiration from approaches 
in Mycobacterium tuberculosis (15), new 
high-throughput screening approaches are 
required to identify antimalarial compounds 
that effectively eliminate artemisinin-tolerant 
quiescent parasites. 

Emerging resistance to artemisinins 
has not yet compromised the outstanding 
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clinical efficacy of ACTs across most of 
the malaria-endemic regions of the world; 
even in western Cambodia most infections 
are reported to clear after ACT treatment. 
Malaria elimination remains an achievable 
goal, one that is critically dependent on an 
expanded and unified vision coordinated 
among funders, governments, health care 
providers, scientists, and the pharmaceutical 
industry. The issue of emerging artemisinin 
resistance highlights the necessity to inter- 
vene at all levels to prevent a looming disas- 


ter, and an opportunity to bring about a truly 
global accomplishment that directly or indi- 
rectly benefits us all. 
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MICROBIOLOGY 


Some Like It Hot, Some Not 


Jayne Belnap 


ryland ecosystems 

cover over 40% of 

Earth’s terrestrial 
landmass (/). Biocrusts—soil 
communities consisting of 
cyanobacteria, mosses, and 
lichens—can cover up to 70% 
of the ground in these ecosys- 
tems (see the figure, panel A) 
(2). The crucial role played 
by these and other very small 
organisms in nutrient, carbon, 
and water cycles has become 
increasingly clear in the past 
few decades (2, 3). Soil sta- 
bility and the composition 
and performance of vascu- 
lar plant communities also 
depend on biocrust health 
and activity. Yet, little is known about the 
identity, biology, ecophysiology, or distribu- 
tion of the microbial components that domi- 
nate biocrusts (4, 5). Data are also needed to 
understand how they will respond to climate 
change. On page 1574 of this issue, Garcia- 
Pichel et al. (6) take a first step in filling this 
data gap. 

Using samples from western U.S. desert 
sites across a range of climatic regimes, the 
authors compared DNA signatures of known 
cultivated cyanobacterial isolates to those in 
their field samples. They found a clear pat- 
tern of biogeographic segregation: At most 
sites, one of two cyanobacterial species 
dominated, with Microcoleus vaginatus (see 
the figure, panel B, and movie S1) prevalent 
at colder sites and M. steenstrupii at warmer 
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sites. The authors then conducted physio- 
logical studies to confirm that growth of M. 
vaginatus was, indeed, favored at lower tem- 
peratures and M. steenstrupii at higher tem- 
peratures. They predict that the latter will 
likely replace the former as temperatures 
increase in the future. 

The study illustrates the need to know 
what microorganisms are present at a site 
and how they affect ecosystem function, 
rather than exclusively focusing on the more 
visible macroorganisms such as plants, ani- 
mals, or even mosses and lichens (2, 4, 7). 
Modern genetic studies of microbes can 
quickly and cheaply produce overwhelming 
amounts of data, but adding the functional 
dimension to molecular diversity has been 
exceedingly difficult. There is an urgent 
need for usable, consistent, and agreed- 
upon taxonomic and functional categories 
for microbes. 


The microorganism composition of dryland 
soils depends on regional climate. 


Hidden variation. (A) Soils covered by biological soil crusts near Moab, Utah. Because of low plant cover in drylands, biological 
soil crusts can comprise 70% or more of total cover and mediate most inputs and outputs from the soils. (B) Microcoleus 
vaginatus. Garcia-Pichel et al. show that biocrusts are dominated by M. vaginatus in colder deserts and M. steenstrupii 
in hotter deserts. As global temperatures increase, it is likely that M. steenstrupii will replace M. vaginatus in many deserts. 
Although the two species are morphologically similar, the ecological implication of this replacement is unknown. Movie $1 shows 
M. vaginatus filaments moving within a common polysaccharide sheath. 


As shown by Garcia-Pichel et al., eco- 
logically meaningful insights into microor- 
ganisms can be obtained by coupling new 
techniques (such as high-throughput molec- 
ular surveys of community DNA) with tradi- 
tional techniques such as cultivation (7) and 
ecophysiological characterization of rele- 
vant isolates. (This approach, of course, is 
limited to organisms that can be cultured.) 
As it turns out, M. steenstrupii (and the 
nitrogen-fixing cyanobacterium Scytonema) 
appear to be far more important in hotter 
deserts than previously recognized. 

Understanding the large difference in 
microbial composition in biocrusts from dif- 
ferent regions will be crucial for managing 
these communities under future conditions. 
At colder sites, a shift from the dominant M. 
vaginatus to M. steenstrupii with warming 
could have a large effect on the ecosystem 
services provided by biocrusts. The extent of 
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this effect depends on how the two species 
differ in their ability to colonize bare soils, 
stabilize soils, and affect nutrient, water, and 
carbon cycles. In fact, given their genetic 
differences, the two species would be bet- 
ter placed in different families rather than in 
the same genus. However, the little research 
done has focused on M. vaginatus, with no 
work beyond description on M. steenstrupii, 
because its importance in biocrusts has not 
been recognized (8). M. steenstrupii con- 
stitutes a much more diverse phylogenetic 
clade than M. vaginatus (9), and it is likely to 
be much more genetically and functionally 
diverse. Renewed efforts should be made to 
characterize it in all its complexity. 

There is also little information to date on 
the ecological consequences of changing the 
composition of the nitrogen-fixing cyanobac- 
teria in biocrusts. Garcia-Pichel et al. did not 
directly address biogeographic patterns in 
these species, but their data show that Scyto- 
nema sp. appears favored at sites with higher 
temperatures and Zolypothrix sp. at sites 
with lower temperatures. Possible outcomes 
of replacing Tolypothrix sp. with Scytonema 
sp. include alteration of nitrogen, phospho- 


rus, and carbon cycles. Again, most research 
has focused on one species, the ubiquitous 
Nostoc, with little information available for 
either Scytonema or Tolypothrix. 

This lack of research also hampers efforts 
to actively restore disturbed biocrusts. Most 
attempts to cultivate and inoculate soils with 
cyanobacteria to “kickstart” soil stabiliza- 
tion and restoration in areas degraded by 
human impact use M. vaginatus and some- 
times Nostoc. These efforts are surely at risk 
of failure if the site should be inoculated 
with M. steenstrupii and Scytonema (or pos- 
sibly other species) instead, because culti- 
vation, inoculation, and/or postinoculation 
techniques could differ substantially among 
various species. These situations thus call 
for a better understanding of which species 
are currently present at a site and their physi- 
ological tolerances. 

Chemolithotrophic bacteria and Archaea 
involved in the nitrogen cycle (0) and bio- 
crust fungi (//7) are some other examples of 
potentially important groups that we know 
little about but that may also play pivotal 
roles in the structure and function of bio- 
crusts and many other ecosystems. It is time 


to tackle the difficult job of identifying the 
relevant microbes and their distributions 
and of establishing their functional roles to 
enable better management and restoration of 
dryland ecosystems. 
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BIOCHEMISTRY 


Translocation in Action 


Marina V. Rodnina 


ibosomes are macromolecular fac- 
R tories that translate the information 

encoded in messenger RNA (mRNA) 
into the amino acid sequence of proteins. 
Each time an amino acid has been transferred 
to the growing peptide chain, the mRNA and 
two transfer RNAs (tRNAs) move through 
the ribosome one codon at a time. This move- 
ment—called translocation—is promoted by 
elongation factor G (EF-G). Three papers in 
this issue, by Tourigny ef a/. on page 1542 
(1), Pulk and Cate on page 1544 (2), and 
Zhou et al. on page 1543 (3), present high- 
resolution structures of translocation inter- 
mediates and provide insights into the under- 
lying mechanism. 

The translocation process occurs within 
milliseconds and entails a large number of 
structural rearrangements. During translo- 
cation, the small and large ribosomal sub- 
units (SSU and LSU) rotate relative to 
each other (4). The SSU undergoes internal 
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motions (collectively called swiveling) of its 
head domain relative to the body (5). The 
tRNAs move from the A (aminoacyl) to the 
P (peptidyl), and from the P to E (exit) bind- 
ing sites, and there are several intermediate 
positions that the tRNAs can adopt sponta- 
neously (4, 6, 7) (see the figure). All these 
rearrangements are rapid and only loosely 
coupled, making it extremely challenging to 
obtain structural data on the trajectories of 
the movements. 

To trap EF-G on the ribosome, all three 
groups (J—3) used nonhydrolyzable ana- 
logs of guanosine 5’-triphosphate (GTP) and 
placed a single tRNA on the mRNA codon 
in the P site of the ribosome. The structures 
show that the ribosome is trapped in a chi- 
meric intermediate state (see the figure, panel 
B) that differs from the ground states before 
(panel A) and after (panel C) translocation. 
This means that the tRNAs move through a 
series of intermediates not only on the LSU 
(7) but on the SSU as well (8), providing new 
insight into the mechanics of tRNA translo- 
cation. One interesting possibility is that GTP 


Structures of translocation intermediates reveal 
how tRNA molecules move through the 
ribosome during protein synthesis. 


hydrolysis by EF-G is required to promote the 
backward rotation of the SSU head domain 
and the movement of the tRNA and mRNA 
into the posttranslocation state (see the fig- 
ure, panel C). The results of experiments with 
a guanosine triphosphatase (GTPase)—defi- 
cient EF-G mutant appear to be consistent 
with this idea (9). 

EF-G is a large, five-domain GTPase 
that changes its conformation in response 
to GTP hydrolysis (see the figure). Without 
GTP hydrolysis, translocation is slow and 
the release of EF-G from the ribosome is 
blocked (/0). Like all GTPases, EF-G has the 
mobile switch | and 2 elements in its GTP- 
binding domain I. The switch regions are dis- 
ordered in the unbound EF-G and become 
ordered in the complex with the ribosome. 
This transition causes reorientation of the 
EF-G domains, such that the tip of domain IV 
moves and the intermediate state of the ribo- 
some is stabilized (see the figure, panel B). 

The ribosome on its own allows the 
tRNAs to move in the forward or backward 
direction. EF-G provides the directionality 
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Ribosome 


SSU body. 


SSU head 


Translocation dynamics. (A) In the pretranslocation state of the ribosome, the 
tRNA anticodons are located in the A and P sites on the SSU, while the tRNA CCA 
ends oscillate between the A and P or P and E sites on the LSU. EF-G is in the GTP- 
bound conformation. (B) In the intermediate state of translocation, derived from 
the new crystal structures (7-3), the rotation of the SSU head domain brings the 


of movement, and the new structures suggest 
how this is achieved. EF-G domain IV, which 
is essential for tRNA and mRNA transloca- 
tion (10, 71), projects into the A site, thereby 
preventing the backward movement of the 
tRNA (J—3) (see the figure, panel C). In 
addition, elements of 16S ribosomal RNA 
in the SSU act as molecular pawls to fix the 
position of the mRNA, preventing backward 
movement of the mRNA (3). 

The structures also show how GTP 
hydrolysis in EF-G may be activated by the 
ribosome. In the structures by Tourigny et 
al. (1) and Pulk and Cate (2), the conserved 
histidine residue from switch 2 is poised for 
hydrolysis. By contrast, in the structure by 
Zhou et al. (3), this histidine is too far from 
the y-phosphate to act in catalysis, suggest- 
ing that a nonactivated intermediate was 
trapped. Mutations of the histidine residue 
in either EF-G or EF-Tu, another transla- 
tional GTPase, abolish GTP hydrolysis and 
block the progression through the translation 
elongation cycle (9, /2), consistent with a 
catalytic role of the histidine. Key residues 
in EF-G and EF-Tu (/3) form a nearly iden- 
tical catalytic site, suggesting a common 
mechanism for the activation of translational 
GTPases by the ribosome. 

The mechanism of translocation repre- 
sents a case study of directed movement in 
large molecular machines. The new struc- 
tures (/—3) suggest how GTP hydrolysis is 
coupled to translocation. The mechanism of 
coupling is reminiscent of motor proteins 
using ATP hydrolysis to drive directed move- 
ments (2). A remaining challenge is to deter- 
mine the structure of a true pretranslocation 
complex (with tRNAs bound to both P and 
A sites and without EF-G occupying the A 
site of the SSU) and of intermediate states of 


translocation. Another key question is how 
EF-G accelerates translocation. Answer- 
ing this question will require comparison of 
intermediate states of EF-G—catalyzed and 
spontaneous translocation. 


References 

1. D.S. Tourigny, |. S. Fernandez, A. C. Kelley, V. Ramakrish- 
nan, Science 340, 1542 (2013). 

2. A. Pulk, J. H. D. Cate, Science 340, 1544 (2013). 

3. J. Zhou, L. Lancaster, J. P. Donohue, H. F. Noller, Science 
340, 1543 (2013). 

4. }. Frank, R. K. Agrawal, Nature 406, 318 (2000). 

5. B.S. Schuwirth et al., Science 310, 827 (2005). 

6. D. Moazed, H. F. Noller, Nature 342, 142 (1989). 


PERSreE TIVES 


tRNA anticodons and the mRNA codons into a state intermediate between A and P 
(called a/p) or between P and E (p/e) on the SSU. Domain IV of EF-G moves. (C) In 
the posttranslocation state (4, 74), only one tRNA is bound to the ribosome in the P 
site, the E-site tRNA is released, the SSU head domain is rotated backward, and EF-G 
has changed the conformation further before it dissociates from the ribosome (1-3). 


7. N. Fischer, A. L. Konevega, W. Wintermeyer, M. V. Rod- 
nina, H. Stark, Nature 466, 329 (2010). 
8. A.H. Ratje et al., Nature 468, 713 (2010). 
9. C.E. Cunha et al., Translation 1, e24315 (2013). 
10. M. V. Rodnina, A. Savelsbergh, V. |. Katunin, W. Winter- 
meyer, Nature 385, 37 (1997). 
11. A. Savelsbergh, N. B. Matassova, M. V. Rodnina, W. Win- 
termeyer, J. Mol. Biol. 300, 951 (2000). 
12. T. Daviter, H. J. Wieden, M. V. Rodnina, J. Mol. Biol. 332, 
689 (2003). 
13. R.M. Voorhees, T. M. Schmeing, A. C. Kelley, V. Ramak- 
rishnan, Science 330, 835 (2010). 
14. Y. G. Gao et al., Science 326, 694 (2009). 


10.1126/science.1240090 


PLANETARY SCIENCE 


Solving the Mascon Mystery 


Laurent G. J. Montesi 


Modeling the formation of regions of mass concentration may lead to new estimates of early heat 


flux in the Moon. 


hen we look at the Moon, we can 

see images of a man, a rabbit, and 

countless other analogies. These 
images are the figments of our imagina- 
tion, inspired by the distribution of thick lava 
sequences, the mare basalts, that fill ancient 
basins that formed by large meteorite impacts 
early in solar system history. Still, mysteries 
remain hidden beneath the lunar surface. The 
first spacecraft in orbit around the Moon felt 
a stronger pull of gravity when passing over 
these basins, implying that a mass concen- 
tration, or “mascon,” was present there (/). 
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Subsequent studies added to the puzzle of 
mascons and provided partial explanations 
for their formation (2-4). On page 1552 of 
this issue, 45 years after the initial discovery, 
Melosh et al. (5) put all the pieces together 
and provide the first self-consistent model 
for the origin of mascons. 

At first sight, the existence of mascons 
seems incompatible with the origin of the 
lunar basins in which they form. The impact 
process excavates a hole in the lunar crust 
and upper mantle, resulting in a mass deficit, 
not a mass concentration. The lunar mantle 
flows toward the basin interior and reduces 
the initial mass deficit. However, this flow 
process, which is similar to the rebound of 
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Mascon development. (A) A meteorite impact shocks the mantle and excavates a cavity that rapidly col- 
lapses while (B) depositing a curtain of crustal material that thickens the crust in an annulus at the edge of 
the basin. (C) Both the crust annulus and the shocked mantle drive mantle flow that uplifts the basin and 
forms a mascon. (D) Later mare basalts may add to the mass anomaly. The plus and minus symbols represent 


density anomalies over the initial configuration in (A). 


Earth’s mantle after the removal of ice caps 
at the end of the last glacial age, slows down 
as the mass anomaly decreases. How can 
a mass deficit in the basin turn into a mass 
excess? 

As mare basalts are too thin to explain the 
mass excess, it was proposed that the mantle 
bounces above its isostatic level and is frozen 
in place (3, 6). Melosh et al. show that this 
dynamical process is not needed. Mascons 
can instead form as the result of slow mantle 
flow driven by two low-density regions gen- 
erated by the impact process—an annulus of 
thick, low-density crust, and a low-density 
mantle under the basin (see the figure). 

Both density anomalies drive uplift of the 
basin. However, the surface cools rapidly, 
essentially freezing in the contrast between 
the low-density crustal annulus and the high- 


density basin interior. Deep-seated density 
differences continue to drive mantle flow, 
lifting the entire basin. The impact basin as a 
whole may end up being compensated (with 
deep density anomalies balancing out the 
surface mass deficit), but the frozen structure 
inside the basin produces a low-density ring 
surrounding the high-density interior, which 
forms a mascon. 

Although none of the processes present in 
this model are fundamentally new, Melosh et 
al. put them all together in a start-to-finish 
model. The formation of a mascon hinges on 
the delicate balance between the strength and 
thermal structure of the lunar crust and upper 
mantle. The crust must be cold and strong 
enough to form and maintain a crustal annu- 
lus. The deeper mantle must be cold enough 
to relax over time scales much longer than 


that of the initial cooling of the surface yet 
not so strong that it shears the crustal annulus 
away. The importance of the work by Melosh 
et al. is, therefore, not only that a mascon 
appears in this model but that it provides con- 
straints on the conditions under which mas- 
cons can form. 

The geological activity of planets and 
moons has changed dramatically during 
solar system history. Ancient volcanic activ- 
ity shows that the interiors of the Moon, 
Mars, and Mercury were hotter 4 billion 
years ago than they are today. However, that 
heat is long gone. Ancient heat flux is usu- 
ally estimated by matching the length scale 
of tectonic deformation (2, 7—9). Melosh et 
al. show that a mascon forms when the lunar 
heat flux is relatively high, with a surface 
geotherm of 30 K/km. It may now be possi- 
ble to use mascons, which are detected on the 
Moon, Mars, and Mercury, as a new probe of 
the thermal history of these planets. 

The model of Melosh et al. implies that as 
a planet cools, mascons may no longer form. 
When is it no longer possible to form a mas- 
con? Is the mascon epoch different on Mars 
and Mercury? Mascons on Mars have a less 
well-developed low-density annulus than on 
the Moon (/0). Is this an effect of the plan- 
et’s size and surface modification processes 
on Mars? Melosh ef al. lay the foundation 
for future work that will address these ques- 
tions. As both the cratering and relaxation 
processes depend on the length scale of the 
mascon and on the acceleration of gravity, 
it may be possible to use the size of basins 
that produce mascons as a probe for strength 
stratification in the outer hundreds of kilo- 
meters of a planet in the distant past when 
these basins formed. It may also be possible 
to determine whether mascons could have 
formed in the larger and more active planets, 
such as Venus and Earth. 
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Investigating Ecosystems as a 
Blended Learning Experience 


Margus Pedaste,"* Ton de Jong,? Tago Sarapuu,' Jaanika Piksd6t,' Wouter R. van Joolingen,? 


Adam Giemza; 
earning by inquiry, collab- 
oration, and design are the 
central didactic principles 
of the software developed by the 
Science Created by You (SCY) 
project. In SCY technology- 
enhanced learning environments, 


Available peers: 


re 


or SCY missions, students learn 
by creating products that they can 
share and discuss with their peers. 
In order to do this, they make use 
of textual or multimedia learning 
materials and perform physical 
and virtual experiments. 

Each SCY mission has a spe- 
cific research or design goal, for 
example, to create a healthy pizza 
or a house where the CO, balance 
is close to zero. Along their way to 
this final product, students create many types 
of intermediate virtual products or Emerging 
Learning Objects (ELOs). ELOs can include 
concept maps, experimental procedures, 
models, and data sets from simulations or 
from real experiments. All activities in SCY 
missions, center around ELOs, which stu- 
dents can save, retrieve, and edit. 

Four SCY missions have been developed 
around topics such as the greenhouse effect, 
food and nutritional values, and DNA [see 
(2) and www.scy-net.eu/]. Here, we focus on 
what we have called the ECO mission. This 
mission, for secondary school, ages 15 to 19, 
primarily addresses the area of ecology and 
includes chemistry and math subject matter. 
The ECO mission combines hands-on data 
collection with working in the SCY software 
environment. It starts by asking students to 
create a concept map of the different relations 
in a freshwater body that will present their 
initial knowledge about the domain. This can 
be done individually or collaboratively with 
student peers. Next, students follow four pre- 
defined different inquiry cycles on related 
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The SCY ECO mission, an IBI prize-winning 
module, fosters inquiry learning, collaboration, 
and design for ecology following a blended 
learning approach. 


‘question and goal? 
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research questions 
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Individually 


Example of a SCY mission inter- 
face (from the ECO mission). In the 
inquiry cycle on light, students collect 
data on light intensity, water tempera- 
ture, and dissolved oxygen level. Cana- 
dian waterweed is placed in beakers of 
tap water. Light intensity is changed by 
moving the beakers different distances 
from a halogen lamp. Data are collected 
with mobile Vernier devices, and digi- 
tal data can be imported into the SCY 
environment. Students can visualize the 


changing concentration of oxygen in the 
beakers and collect real data from which 
to infer the relation between light inten- 
sity and photosynthesis. These data also 


topics: (i) the role of light in the level of pho- 
tosynthesis, (11) the concept of pH and pH 
changes in a water body, (iii) the influence of 
nutrient concentration on primary production, 
and (iv) relations between trophic levels in an 
ecosystem. These topics were selected on the 
basis of analysis of the curricula in Estonia, 
Cyprus, France, Norway, and the Netherlands 
and fine-tuned by means of expert interviews. 
After having gone through the four inquiry 
cycles, students return to their initial concept 
map to adapt it on the basis of the knowledge 
gathered in their inquiry. 

In the interface that is shown in the screen 
shot above[ck], students design an experi- 
mental procedure during the inquiry cycle, 
for a hands-on experiment on the role of light 
in photosynthesis. The experimental proce- 
dure under development is open in the cen- 
ter of the screen. A guiding assignment and 
information sources for creating the ELO are 
located in “drawers,” or extendable windows 
attached to the ELO. Chat communication is 
available in a drawer, and peers are invited 
by dragging their avatar (top left corner) to 
the ELO. Navigation takes place through the 
mission map (bottom right corner), and the 
bottom left corner houses the ELO repository 
where students can save, search, and retrieve 
their own and their peers’ ELOs. More infor- 
mation on the SCY didactic principles and 
learning environment can be found in (/, 2). 


often prompt discussions on validity and 
limitations of scientific research. 


In another physical experiment from the 
inquiry cycle on pH changes, students put 
sand, limestone fragments, and granite frag- 
ments in different beakers to discover the 
effect that the composition of a lake bottom 
could have on pH rise in the lake from acid 
precipitation. Distilled water is poured into 
the beakers, followed by different concentra- 
tions of sulfuric acid. The pH in all beakers is 
measured, and data analysis in the SCY envi- 
ronment enables students to understand why 
similar acid rain could have different effects 
on the life in various freshwater lakes. 

In the inquiry cycle on nutrient concentra- 
tion, students alter the concentration of nitro- 
gen and phosphorus in water and observe 
the effect on algae biomass fluctuations. 
The simulation model takes into account the 
chemical affinity of nitrogen and phosphorus 
in forming compounds and the population 
growth and mortality characteristics. Here, 
students are provided with data that could 
otherwise only be collected in a lengthy real- 
life experiment. 

In a simulation on trophic levels, values 
characterizing predator and prey in an eco- 
system can be used as either input or output 
variables. Population gains and losses, ability 
to catch and feed on prey, natural growth and 
death factors, and the ability to convert prey 
biomass to predator biomass are specific ele- 
ments in this simulation. Students can alter 
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the initial level of biomass of the components 
and then investigate changes for a specified 
time period. 

The investigations done in each inquiry 
cycle (see the photos), together with scien- 
tific background information, are necessary 
for solving the problems introduced in each 
cycle’s initial design or research goal. In addi- 
tion, these outcomes should help students to 
redesign the concept map that they had cre- 
ated at the start. Students also develop a video 
report to illustrate their inquiry processes. 

The ECO mission has been implemented 
in several schools in Estonia, the Nether- 
lands, and Cyprus. Assessment in Estonia 
involved 64 students (ages 16 to 18) from 
secondary schools. In each trial site, stu- 
dents worked individually with the ECO 
mission for 4 hours. At the beginning of the 
session, an online pretest was completed. A 
posttest was completed online 2 weeks after 
the intervention. 

Students’ initial and final revised concept 
maps were analyzed in order to assess their 
conceptual knowledge. The results indicated 
a significant improvement in students’ con- 
ceptual knowledge (Wilcoxon signed-rank 
test: Z = —5.92; P < 0.001). After working 
with the ECO mission, students were better 
able to organize and represent their knowl- 
edge about relations between biotic and abi- 
otic factors in freshwater ecosystems. 


About the authors 


Learning in a SCY mission. (A) A student planning an experiment. (B) Students measuring light intensity 
and dissolved oxygen level in water. (C) Waterweed in a beaker. (D) Vernier device for measuring dissolved 
oxygen level. 


Pre- and posttests assessed changes in stu- 
dents’ inquiry skills. In both tests, an every- 
day problem situation related to ecology 
was presented. Students were then asked to 
formulate research questions and hypoth- 
eses. Next, a graph with experimental data 
was presented, and students answered ques- 

tions about the graph in 
order to demonstrate their 
data analysis skills. The 
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final task was to make 
inferences on the basis of 
the results of an experi- 
ment. Research questions 
were scored for three ele- 
ments—the maximum 
score was given if a ques- 
tion related to the prob- 
lem was formulated and 
if it included the correct 
dependent and indepen- 
dent factors. Hypotheses 
and inferences were scored 
on the basis of formulation 
(a sentence related to the 
research question), correct 
dependent and indepen- 
dent factors, and relation 
with background informa- 
tion. The comparison of 
pre- and posttests detected 
a Statistically signifi- 
cant improvement in stu- 
dents’ skills formulating 
research questions (Wil- 
coxon signed-rank test: 


= -3.67; P < 0.001) and hypotheses (Z = 
—2.78; P < 0.05). As students’ skills analyz- 
ing data and making inferences were already 
high before the intervention, significant 
improvement was not seen. The results indi- 
cated that after working on the ECO mission, 
students were better able to relate research 
questions and hypotheses and to correctly 
identify dependent and independent factors 
from background information. According 
to the teachers’ feedback, the ECO mission 
enriches the school curriculum with innova- 
tive blended learning opportunities that com- 
bine learning in the classroom and the com- 
puter lab with authentic data collection. 
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MEDICAL RESEARCH 


Research Offers Hope for More 
Effective Stroke Treatments 


Many of the statistics about stroke are trou- 
bling. The disorder is the third leading cause 
of death in the world. And, because stroke 
risk rises sharply after age 60, countries 
with large “boomer” populations, such as 
the United States, are on course for a sub- 
stantial increase in stroke prevalence in 
upcoming decades. 

There are two bright spots on the hori- 
zon, however, which Walter Koroshetz, dep- 
uty director of the National Institute of Neu- 
rological Disorders and Stroke, explained 
at a 22 May Capitol Hill briefing hosted 
by AAAS in conjunction with Representa- 
tive Chaka Fattah (D—PA) and with support 
from the Dana Foundation. 

For one thing, up to 70% of strokes are 
preventable by fairly simple measures, such 
as blood pressure control, improved diet, 
and exercise. 

“The data for stroke show that if we 
really got our act together, we could make 
a huge difference because the science tells 
us that one’s annual stroke risk decreases 
dramatically as known risk factors are con- 
trolled,’ Koroshetz said. “If we achieve opti- 
mal weight control, physical exercise, blood 
pressure, and diet earlier in life, then the 
health benefits to individuals, their families, 
and to the country as a whole would be enor- 
mous.” 

A central understanding in this research 
field is that when one part of the brain dies 
in a stroke, another part of the brain can 
“learn” to take over its function. Much 
of what scientists are learning about this 


dynamic rewiring of the 
brain comes from studying 
brain development in child- 
hood, when connections 
between brain cells are being 
formed, strengthened, or pruned at 
an astounding rate as the child inter- 
acts with the environment. 

“The stimulus the brain is getting has a 
lot to do with the rewiring,” Koroshetz said. 
That same principle applies in the treat- 
ment of stroke, where neural development 
patterns that have been suppressed since 
childhood can start working again and be 
enhanced and molded by intensive rehabili- 
tation therapy. He noted an Emory Univer- 
sity-led study with stroke patients who had 
a disabled arm. With their good arms immo- 
bilized, the patients gained dexterity in the 
affected arm, including some who started 
the treatment regime as long as 21 months 
after their strokes. 

As scientists learn more about these 
intrinsic repair processes, they are finding 
more potential targets for drug therapies. 
But most relevant for patients right now, 
Koroshetz said, are the efforts to improve 
standard rehabilitation care. He noted a 
clinical trial of stroke patients from five 
hospitals in Florida and California, which 
showed that intensive rehabilitation, either 
with in-home exercises or on a treadmill, 
led to improved walking ability as com- 
pared to “standard of care” rehabilitation. 
Even 6 months after their strokes, patients 
who had received only the standard of care 
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could still make substantial improvements 
in walking by undergoing intensive tread- 
mill training. 

“This tells us that our standard of physi- 
cal and rehabilitation therapy after a stroke 
is not optimal,” said Koroshetz. Patients 
often can benefit from more intensive ther- 
apy regimes, he said. 

New technologies also offer promise. 
Koroshetz noted work with brain-machine 
interfaces using implanted electrodes that 
can record neuronal signals in the motor 
cortex of the brain. In a study reported last 
year, a woman paralyzed by a stroke learned 
to use her thoughts to generate neuronal sig- 
nals to steer a robot arm to grab a bottle of 
coffee and lift it to her lips. 

Other researchers have developed “ther- 
apeutic exoskeletons,’ motor-powered 
mechanical braces that do much of the work 
of walking or lifting. The devices can help 
patients carry out the intensive activity they 
need to perhaps trigger some of the brain’s 
intrinsic repair mechanisms. 

New recording technologies, such as 
optical probes that can detect tiny flashes 
of light by thousands of firing nerve cells, 
offer new possibilities for listening in 
on the electrochemical “language of the 
brain,” Koroshetz said. The BRAIN Initia- 
tive (Brain Research through Advancing 
Innovative Neurotechnologies), announced 
recently by President Barack Obama, 
should greatly expand the amount of infor- 
mation scientists can glean from these new 
technologies. 

—Earl Lane and Kathy Wren 
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SCIENCE DIPLOMACY 
President of Poland 
Honors Long-Time 
AAAS Diplomat 


In March 1967, Norman P. Neureiter 
arrived in Poland with his wife Georgine 
and their two young boys to serve as the 
first science attaché at the U.S. Embassy in 
Warsaw. During the next 2 years, Neureiter 
would develop many cooperative research 
projects bringing U.S. and Polish scientists 
together during some of the darkest days of 
the Cold War. 

In recognition of this work and his 
subsequent support of Polish-American 
research, Neureiter, now a senior advisor 
to the AAAS Center for Science Diplo- 
macy and director of the Center for Sci- 
ence, Technology and Security Policy, was 
on 6 June awarded the Officers Cross of the 
Order of Polonia Restituta (Polish Merit, 
one of the highest Polish State decorations) 
by the president of the Republic of Poland, 
Bronistaw Komorowski. 

By 1968, the student unrest in Western 
countries had spread in dramatic form to 
Poland and other parts of Eastern Europe. 
At the theater, Neureiter heard the audience 
cheer in response to anti-Russian senti- 
ments ina play by beloved Polish poet Adam 
Mickiewicz. And, in Krakow, he watched as 
demonstrators were driven away by militias 
with red arm bands, leaving yellow flowers 
as a symbol of protest. In Czechoslovakia, 
where Neureiter was also assigned, he saw 
the start of the “Prague Spring” and its end 
with the Soviet invasion. 

In the sciences, however, the prospects 
for progress were more auspicious. Neureiter 
broadened cooperation already beginning in 
agriculture, medicine, and health care and 
developed new areas, such as environmen- 
tal protection and clean coal. After returning 
to the United States, he served as a U.S. 
Commissioner of the Maria Sklodowska- 
Curie Joint Fund II, which supported Polish- 
American research collaboration. 

More recently, Neureiter helped to initi- 
ate a new awards program, announced last 
month, to be jointly administered by AAAS 
and the Foundation for Polish Science, rec- 
ognizing scientists who have advanced sci- 
ence through U.S.-Polish cooperation. 

Neureiter received the Officers Cross 
of the Order of Polish Merit during a cer- 
emony at the historic Belvedere Presidential 
Palace in Warsaw. In his remarks, Neureiter 


Committed to cooperation. Norman Neureiter (right) receives one of the highest Polish state decorations 
from the president of the Republic of Poland, Bronistaw Komorowski. 


stressed the value of science diplomacy in 
building and strengthening ties between 
nations, even in the face of severe strains 
in official relationships. 

“T think your security people thought I 
was a spy determined to discover your sci- 
entific secrets,” he said. “But, in truth, my 
mission was just the opposite. It was to build 
friendly, cooperative relationships with the 
Polish science community and to foster 
cooperative projects wherever funding possi- 
bilities and joint scientific interests existed.” 

“Tn those days, we did not have a spe- 
cial name for these activities; we just called 
them science cooperation. But, in fact, those 
projects were examples of what today we 
call science diplomacy: the use of science 
cooperation as a way of improving relations 
between countries.” 

A research chemist in his early career, 
Neureiter entered the U.S. Foreign Service 
in the 1960s. Later, he served in President 
Richard Nixon’s Office of Science and Tech- 
nology, where he helped to develop the sci- 
entific elements of historic agreements with 
the Soviet Union and China. He then spent 
more than 20 years with Texas Instruments, 
and in 2000, he was named science advi- 
sor to U.S. Secretary of State Madeleine 
Albright. He remained in that post under 
Albright’s successor, Colin Powell, and he 
joined AAAS in 2004. 

Since that time, Neureiter has been a 
part of AAAS science-diplomacy delega- 


tions to Iran, Cuba, Syria, Myanmar, North 
Korea, and other countries. In 2008, Neu- 
reiter received the National Academy of 
Sciences Public Welfare Medal in recogni- 
tion of his efforts as a science advisor and 
champion for international research coop- 
eration. He also received Japan’s Order of 
the Rising Sun, Gold and Silver Star dec- 
oration in 2010, for his efforts to advance 
U.S.—Japan relations and joint scientific 
efforts. Last year, Neureiter was awarded 
the Austrian Cross of Honour for Science 
and Art Ist Class for his efforts to support 
the International Institute for Applied Sys- 
tems Analysis, a Vienna-based organization 
that addresses global challenges. 

—Kathy Wren 


BUDGET POLICY 


AAAS Op-Ed: Don’t 
Devalue Basic Research 


Hefty federal deficits in Canada and the 
United States pose a significant threat 
to fundamental, basic research as some 
policy-makers seem to value near-term, 
industry-focused science more highly. 
That's shortsighted and will likely have 
damaging consequences for both coun- 
tries, AAAS CEO Alan |. Leshner wrote in a 
19 May op-ed published by Canada’s larg- 
est daily newspaper, the Toronto Star. 
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Background: Immediately after the Big Bang, the universe was uniform, homogeneous, and com- 
pletely free of stars. The gravitational collapse of dark matter gathered gas with it that cooled, col- 
lapsed further, and formed stars. Observations over the past 20 years have revealed the dynamic 
star-formation history of the universe. The star-formation rate peaked 10 billion years ago, when stars 
formed an order of magnitude faster than in the modern universe. Deep observations have begun to 
reveal the early history of star formation, but how quickly star formation started remains controversial, 
with results from observations of early galaxies suggesting a slower start than distributions of distant 
gamma-ray bursts that trace young stars. However, simulations using standard prescriptions for ener- 
getic feedback from star formation (from stellar explosions and ionizing radiation) have tended to 
predict a substantially earlier peak than either of these methods shows. 


Advances: Energetic feedback drives turbulence in diffuse gas that both promotes and inhibits star 
formation, with inhibition dominating over promotion, so that star formation does not efficiently trig- 
ger further star formation. Insufficient numerical resolution in simulations causes unphysical radiative 
cooling to occur in multiple ways, reducing the effectiveness of feedback in driving turbulence. Other 
mechanisms—such as magnetorotational instability, radiative heating, or accretion from the inter- 
galactic medium—must also contribute to the observed gas velocity dispersions. Radiation pressure 
appears likely to be only modestly effective because of Rayleigh-Taylor instability in gas accelerated by 
it. Observed correlations between gas surface density and star-formation rate surface density can be 
reproduced by models including gravitational instability. Molecule formation may occur as a result of 
gravitational collapse rather than initiating it. Thus, gravitational instability seems to determine star 
formation, with the level of turbulence setting the critical density for instability. 


Outlook: Determining the early 
history of star formation will 
require the efforts of the larg- 
est ground- and space-based 
telescopes under construc- 
tion, such as the James Webb 
Space Telescope, the European 
Extremely Large Telescope, 
and the Large Synoptic Survey 
Telescope. Progress in models 
requires both better algorithms 
and larger computers. Adaptive 
meshes, both structured and 
unstructured, will play a critical 
role, as will hybrid algorithms 
that can take full advantage of 
the shared memory nodes of 
massively parallel computer 
clusters. A clear picture of star 
formation will underpin our 
understanding of the evolution 
of galaxies, including our own 
Milky Way, and of the history of 
the production and distribution 
of the elements heavier than 
helium, including those neces- 
sary for planet formation and 
for life. 


The peak of star formation. Some 10 billion years ago, stars formed in 
the universe at a rate more than 20 times higher than the modern era. 
Star-forming galaxies light up the sky, whereas fainter filaments trace the 
distribution of dark matter that draws the gas together gravitationally in 
this numerical model. Understanding the history of star formation over 
cosmic time remains a major theoretical and observational challenge. 
[Credit: American Museum of Natural History/National Astronomical 
Observatory of Japan] 
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ADDITIONAL RESOURCES 


Special issue on Galaxy Evolution, Science 333, 
169-185 (8 July 2011); particularly J. S. Dunlop's 
Review, “The cosmic history of star formation” (pp. 
178-181). 


The Hayden Planetarium show “Journey to the 
Stars” covers the formation of the first stars and the 
star-formation history of the universe along with 
other aspects of stellar and solar astrophysics. It is 
available to educators on DVD or by streaming at 
www.journeytothestars.org. 


VOL 340 28 JUNE 2013 


1541 


Downloaded from www.sciencemag.org on June 27, 2013 


From Gas to Stars Over Cosmic Time 


Mordecai-Mark Mac Low? 


From the time the first stars formed over 13 billion years ago to the present, star formation 

has had an unexpectedly dynamic history. At first, the star-formation rate density increased 
dramatically, reaching a peak 10 billion years ago of more than 10 times the present-day value. 
Observations of the initial rise in star formation remain difficult, poorly constraining it. Theoretical 
modeling has trouble predicting this history because of the difficulty in following the feedback 
of energy from stellar radiation and supernova explosions into the gas from which further 

stars form. Observations from the ground and space with the next generation of instruments 
should reveal the full history of star formation in the universe, and simulations appear poised 


to accurately predict the observed history. 


nce, there were no stars. This simple, yet 
() ren statement is an inevitable con- 

sequence of Big Bang cosmology. Ob- 
servations of the cosmic microwave background 
reveal that, at the time of its emission some 
300,000 years after the Big Bang, the universe was 
filled with hydrogen and helium having a den- 
sity uniform to a few parts in 10° (J, 2). Under- 
standing how that gas evolved into the universe 
filled with stars that we observe today, 13.798 + 
0.037 billion years later (3, 4), remains one of the 
most important goals of modern astrophysics. 

The ordinary matter from which stars form 
makes up only 4.63 + 0.0024% of the total mass 
energy of the universe and 17% of the matter (5), 
with the rest being made up of not-yet-identified 
cold dark matter and dark energy. Star formation 
(Box 1) traces the gravitational collapse of the 
dark matter into the cosmic web in a universe 
whose expansion is currently dominated by dark 
energy. 

The collapse of dark matter from small per- 
turbations into the gravitationally bound struc- 
tures first identified as halos around galaxies can 
be followed by the Press-Schechter (6, 7) analytic 
excursion-set formalism. However, the proper- 
ties of the stellar populations that form within 
those halos, in visible galaxies, depend critically 
on nonlinear physics, including magnetized gas 
dynamics, radiative transfer, and nuclear fusion. 
We are ultimately forced to rely on numerical sim- 
ulations of galaxy formation incorporating ap- 
proximate treatments of these processes in order 
to predict the observable outcomes of cosmo- 
logical theory. 

The approximations used in these models 
rely on a detailed understanding of the smaller- 
scale physics determining star formation. Feedback 
of energy into the interstellar and intergalactic 
gas from ionizing ultraviolet (UV) radiation and 
supernova explosions from stars, and from high- 
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velocity outflows and radiation from supermas- 
sive black holes, has been extremely difficult to 
model well enough to predict the star-formation 
history of galaxies. Models that neglect feed- 
back or understate its importance predict far 
too much star formation at early times (8, 9). Be- 
cause of its central importance to modern mod- 
els of star formation, I explore this topic in some 
detail in this review. 


Star-Formation History of the Universe 


Star formation in the universe can be described 
by using the star-formation rate (SFR) density at 
any time, often expressed in units of solar masses 
per cubic megaparsec per year. After a slow start, 
the SFR density in the observed universe peaked 
some 10 billion years ago, when stars formed an 
order of magnitude faster than they do in the 
present epoch (/0—/2). Light emitted then has 
been redshifted by the expansion of the universe 
to longer wavelengths by a factor of (1 + z) = 3, 
so we refer to that era (/3) as being at redshift 
z= 2. The time dependence of the SFR at higher 
redshifts (greater lookback times) remains un- 
certain, leaving the time of formation of the first 
stars poorly constrained (/2, 14, 15). Two major 
lines of evidence, from imaging galaxies and 
gamma-ray bursts, give apparently conflicting 
results (/5—/7) that in turn must agree with two 
constraints: the range of time over which the 
intergalactic medium was reionized by UV ra- 


Box 1. Star formation. 


Bi /\ 


diation from stars and the well-observed density 
of stars at z = 4. 

The first line of evidence relies on the de- 
tection of high redshift galaxies by photometry 
in multiple colors. Even broadband photometry 
can detect the sharp cutoff in galactic emission 
in the far UV beyond the 91.2-nm Lyman limit, 
the wavelength of light that can ionize hydro- 
gen, the most abundant element, and thus will 
be absorbed by it. Galaxies at high redshifts 
have this Lyman break redshifted into visible 
or even infrared light, where it can be observed 
from large, ground-based telescopes. A galaxy 
that is bright in colors with wavelengths longer 
than the redshifted break, but that disappears 
below it, can be identified as being at a specific 
redshift (/8). Lyman break galaxies observed 
out to z > 8 (6 x 10° years after the Big Bang) 
can be used to determine the SFR density as a 
function of redshift [e.g., (/9)]. However, the 
faintest galaxies at each redshift cannot be de- 
tected, so their contribution must be extrapolated 
from the distribution of the brighter observed gal- 
axies. Only taking into account the directly ob- 
served galaxies leads to the conclusion that the 
SFR drops off rather quickly at high redshift 
(15, 16, 20) as shown by the blue points in Fig. 1. 
However, this is in tension with the first constraint, 
because it would imply a reionization redshift 
somewhat later than the current concordance 
value z = 10.1 + 1.0 (5). 

Gamma-ray bursts provide the second line of 
evidence. These intense flashes of tightly beamed, 
gamma-ray light produced in occasional supernova 
explosions (2/) are bright enough to be observed 
back to z > 8. Derivation of the SFR associated 
with the host galaxies of such high-redshift gamma- 
ray bursts depends on calibrations at lower red- 
shifts, though, so extension of these calibrations 
to high redshift requires determination of how the 
incidence of gamma-ray bursts as a function of the 
SFR evolves with redshift (75—/7). One hypoth- 
esis is that gamma-ray bursts occur primarily in 
galaxies with low abundances of heavy elements, 
which form a greater fraction of the population 
at high redshift. However, the SFR derived from 
that hypothesis (the red points in Fig. 1) vio- 
lates the second constraint, predicting too high 


Stars form when gravity causes interstellar gas and dust—the interstellar medium—to collapse 
toward regions of higher density, while radiative cooling prevents the temperature from 
increasing as densities get higher, so that pressure cannot prevent collapse. Collapse ultimately 
continues until central temperatures and pressures rise high enough for nuclear fusion to begin, 
heating the gas sufficiently to counterbalance the force of gravity and maintain hydrostatic equi- 
librium. This process occurs over a time of order the free-fall time of the gas ty ~ (Gp) ””, depending 
only on p, the mass density of the gas, where G is the gravitational constant. The mass of a region 
capable of gravitational collapse is given by the Jeans (122) mass 


M, = (ni6) G2? p-2? 3 


where c, is the sound speed of the gas, which depends on the the temperature as 


1/2 
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a stellar density by z = 4 (/7). 
Similarly, the model shown by the 
green line in Fig. 1, which includes 
this hypothesis as well as a phys- 
ically motivated minimum mass of 
dark matter halo in which stars can 
form, still predicts slightly less star 
formation than suggested by the red 
points. This suggests that some other 
effect must also be acting (/5, 17). 
The strength of this effect can be 
empirically derived by measuring 
the fraction of gamma-ray burst host 
galaxies detectable at redshifts z = 5 
and z = 6 (/5). 


SFR (M, year’ Mpc*) 


Numerical Simulations 


Numerical simulations a decade ago 
[e.g., (9)] predicted that the peak in 
star formation should occur at z ~ 6. 
The contradiction to the observa- 
tions of the well-observed peak at 
z~2 occurs in large part because 
neglecting feedback, or including it 
by standard recipes (22), leads to 
overproduction of stars at early times. 
The alternative to date has been re- 
liance on ad hoc models of strong 
feedback, both from stars and super- 
massive black holes, to suppress that 
early star formation in order to agree 
with the observations. 

This is because simulations cap- 
turing cosmological scales have been 
unable to model the interstellar medium within 
galaxies with sufficient resolution to follow the 
energetics of stellar feedback successfully. This 
leads to the classical overcooling problem. With- 
out local feedback that transfers realistic amounts 
of energy to the interstellar medium, the SFR can 
be an order of magnitude higher than observed, 
even in models of modern galaxies (9, 23-29). 

Another reason for requiring ad hoc models 
of energetic feedback, which I will not focus on 
here, is that accretion into clusters of galaxies 
produces huge reservoirs of hot gas. The accre- 
tion of this low-density hot gas onto massive 
elliptical galaxies must be throttled. It is much 
easier to prevent accretion onto galaxies of low- 
density gas that cannot radiatively cool easily 
than it is to reheat and expel already cooled and 
accreted gas. The required heating likely comes 
from the jets driven by supermassive black holes 
in active galactic nuclei rather than stars. 

Feedback models typically fail because of 
unphysical cooling in poorly resolved regions of 
hot gas. Interstellar and intergalactic gas cools 
radiatively (30, 31): Inelastic collisions excite 
electrons into higher energy levels while slow- 
ing down the colliding particles (effectively re- 
ducing the temperature of the gas). The excited 
electrons then drop back to the ground state, 
releasing photons. So long as the densities are 
low enough for collisions not to deexcite the 
electrons before radiation and the opacity of 
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ond, simulations of gas flow usual- 
ly require several zones to resolve 
interfaces between gas with differ- 


T T T 


ent properties, such as hot and rare- 
fied or cold and dense. Within such 
an interface, the resolution of the nu- 
merical grid rather than the physics 
of the interface determines the amount 
of intermediate temperature gas (Fig. 
2B). In poorly resolved models, such 
interfaces capture large volumes of 
gas that cools unphysically. Over 25 
years ago, Tomisaka (32) already 
demonstrated that the evolution of 
superbubbles formed by multiple su- 
pemova explosions from an association 
of OB stars could not be adequately 
simulated with 5-pc (16—light-year) 
resolution because of such strong nu- 


Fig. 1. Cosmic history of star formation. The cosmic history of star for- 
mation in the universe versus redshift z or lookback time (25). Star for- 
mation peaked some 10 billion years ago at a rate 10 times as high as the 
modern era. At high redshift, the lower estimates outlined in green rely on 
observations of high-redshift Lyman break galaxies, neglecting those below 
the detection limit (19), whereas the upper estimates outlined in red depend 
on the star-formation intensity per gamma-ray burst (16). The lines show 
model predictions (17, 129) integrated over either the range of galaxies 
included in the Lyman break galaxy survey (black solid) or down to the 
expected lower limit for the mass of star-forming galaxies (green dashed). 
Mzj indicates solar mass. 


the gas and dust is low enough to allow escape 
of the photons from the system, these inelastic 
collisions lead to energy loss and thus cooling. 
Interstellar and intergalactic gas away from the 
very densest cores of star-forming regions typ- 
ically satisfies both of these conditions. 
Because radiative cooling relies on collisions, 
its strength, E = —n7A(T), depends on the square 
of the number density n, as well as having a 
strong temperature dependence, A(7), from the 
distribution of available energy levels for elec- 
tron excitation. Crucially, the value of A(7) for 
T= 10° K gas in ionization equilibrium exceeds 
by more than an order of magnitude that for hot 
10° K or cool 10* K gas (Fig. 2A) (3/). The ele- 
vated cooling around 10° K occurs because of 
the ability of collisions in that temperature range 
to excite the strong resonance lines of lithium- 
like ions of carbon, oxygen, and nitrogen, the 
most common elements heavier than helium. 
The temperature and density dependence of 
the cooling function leads to two serious prob- 
lems for numerical simulations. First, supernova 
explosions drive blast waves that shock gas to 
temperatures above 10° K, so that it only cools 
with difficulty. However, if stellar feedback en- 
ergy is fed into the grid of a numerical simula- 
tion too slowly or over too large a volume, it 
will only raise the temperature into the 10° K 
range or lower, so that the energy will promptly 
radiate without exerting dynamical effects. Sec- 


merical overcooling (33). For models 
of the diffuse interstellar medium of 
the Milky Way Galaxy (0.01 <n < 
100 cm >), it has been demonstrated 
that 2-pc (6.5—light-year) grid cells 
resolve interfaces well enough to avoid 
dynamically important loss of energy 
from hot gas (34-36). Such a model, 
from (36), is shown in Movie 1. 


How Does Stellar Feedback 
Inhibit Star Formation? 


Energetic feedback from stars heats 
the interstellar gas through radiative 
ionization and drives strong shock 
waves through it from supernova explosions, 
leaving it in a characteristic state of supersonic, 
highly compressible turbulence. This differs in 
its properties from the almost-incompressible tur- 
bulence familiar from the terrestrial atmosphere 
and ocean because of the strong density fluctua- 
tions produced by the shock waves and the strong 
vorticity sheets produced at shock intersections. 

Such highly compressible turbulence both pro- 
motes and prevents gravitational collapse. We can 
heuristically estimate which effect wins by exam- 
ining the dependence of the Jeans critical mass for 
gravitational collapse (Eq. 1), Myocp !/ 23, on 
the root-mean-square turbulent velocity, Vans (37). 
In the classical picture, turbulence is treated as 
an additional pressure (38, 39) so that we can de- 
fine an effective sound speed, ¢2 ay = C2 + Vang /3- 
This additional effective pressure increases the 
Jeans mass by Mj ocy3 inhibiting collapse. On 
the other hand, shock waves with Mach number 
6 = v,/c, in an isothermal medium cause den- 
sity enhancements with density ratio p,/po = 
06°. These turbulent compressions decrease the 
Jeans mass by Mj °< ps assuming that the shocks 
typically have shock velocity v, = Vims. 

When we combine the effects of increased 
pressure and increased density, we find that 
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Fig. 2. Cooling of interstellar gas. (A) The temperature dependence of the cooling function A(T) 
from (31), showing the order-of-magnitude higher cooling rate at around 10° K (red circle) compared 
with 10° to 10’ K (blue circle). (B) Sketch of how unphysical cooling can occur at poorly resolved 
numerical interfaces when too much intermediate temperature gas is present. 


Movie 1. Visualization of supernova driving of turbulence in a magnetized, stratified atmo- 
sphere representative of a cross-section through a galactic disk. Temperature is shown along a 
vertical cut through the region nearest the disk midplane of a three-dimensional simulation per- 
formed using the adaptive mesh refinement code FLASH, with the region within 0.05 kpc of the 
plane resolved at 1.95-pc resolution. This is model bx50 in (37). 


for Vans > Cs. Thus, highly supersonic turbulence 
strongly inhibits collapse. Because turbulence 
acts intermittently, it still promotes collapse lo- 
cally, in shock-compressed regions, even though 
its net effect is to inhibit collapse globally. There- 
fore, a region with mass lower than the Jeans 
mass globally because of turbulence can still 
have isolated regions of local collapse, as shown 
in isothermal simulations (40). The role of com- 
pression was isolated in simulations described in 
(41), in which the average density was increased 
with the dependence on the Mach number re- 
quired to balance the turbulent support term. Even 
higher-resolution simulations using adaptive mesh 
refinement (42) show that the star-formation ef- 
ficiency can be expressed in terms of the ratio of 
the crossing time, 4 = L = 2Vins, for a region of 
size L to the free-fall time tg. 

The net suppression of star formation by 
turbulence has consequences in the diffuse, 
stratified interstellar medium of galaxies. This 
was demonstrated (35) with a well-resolved 
model of supernova driving of turbulence, in- 
cluding a treatment of radiative heating and 
cooling but not self-gravity of the gas, run 
with the adaptive mesh refinement gas dynam- 
ics simulation code FLASH (43). The turbulent 
flow indeed compressed gas into Jeans-unstable 
regions of cold, dense gas with sizes compa- 
rable to observed star-forming clouds. How- 
ever, if the SFR expected for those regions is 
computed, it is an order of magnitude less than 
the rate required to produce the assumed num- 
ber of supernovas driving the turbulence. This is 
consistent with the results of uniformly driven, 
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self-gravitating turbulence described in the pre- 
ceding paragraph. Turbulence triggers star forma- 
tion inefficiently; it does not lead to stochastic 
propagating waves of star formation as once pro- 
posed (44). 

At the scale of single star-forming clouds, 
the question of triggering has also been studied 
(45). In such clouds, the most important effect is 
heating of the gas from under 100 to around 10* 
K when UV radiation from newly formed mas- 
sive stars ionizes it (46). The resulting huge in- 
crease in pressure drives a blast wave outward. 
This strongly disturbs the morphology of the 
gas cloud. However, the actual difference in the 
SFR is small, accelerating the formation of stars 
by only 20% of the free-fall time of the cloud. 

Quantitative observational studies support 
the conclusion that triggering does not repre- 
sent a major mode of star formation. Although 
triggered star formation clearly occurs around 
regions of massive star formation, it is a rela- 
tively small effect that does not explain most 
star formation, consistent with the 10% effec- 
tiveness previously found (35). For example, 
even under favorable circumstances, compres- 
sion of gas by nearby massive stars triggers less 
than a quarter of star formation in the Elephant 
Trunk Nebula (47). At the galactic scale, multi- 
ple supernova explosions sweep up supershells 
in the Large Magellanic Cloud. Only 12 to 25% 
of the star-forming gas traced by the emission of 
the molecule carbon monoxide in the super- 
shells formed as a direct result of supershell 
formation, corresponding to no more than 11% 
of the total star-forming gas in this galaxy (48). 


REVIEW 


What Are the Sources of the 

Interstellar Turbulence? 

If turbulence limits star formation, then under- 
standing sources of turbulence, both in the diffuse 
gas and in dense clouds of star-forming, molecular 
gas, will help us to understand star formation. 

Supernova explosions effectively drive tur- 
bulence in the diffuse gas (37). A study (49) of 
the velocity dispersion resulting from supernova 
rates ranging from the Milky Way value to 512 
times higher, as would be seen in extreme star- 
burst galaxies having SFRs hundreds of times 
that of the Milky Way, showed that, regardless 
of the supernova rate, supernova driving re- 
sulted in a rather uniform velocity dispersion: 
Vins = 5 to 10 km s |. This work varied the 
surface density of the gas disks following the 
Kennicutt-Schmidt law (50) relating the sur- 
face density to the SFR and thus the supernova 
rate. To simulate observations in the 21-cm line 
of atomic hydrogen, they fit single Gaussian 
components to the velocity of gas in the atomic 
temperature range (roughly 10° to 10* K). The 
resulting simulated observations showed spec- 
tral line widths equivalent to 10 to 20 km s |, 
agreeing with most observations (5/, 52), aside 
from extreme starbursts where elevated 21-cm 
line widths are observed (53). 

The driving of interstellar turbulence in near- 
by galaxies was more generally studied by 
(52) in a sample of galaxies observed with the 
Spitzer Infrared Nearby Galaxies Survey (54) 
and The H 1 Nearby Galaxies Survey (55). The 
energy input from supernovas can explain the 
observed density of kinetic energy of the inter- 
stellar gas within the star-forming inner regions 
of the observed disk galaxies. However, in the 
primarily gaseous outer disks—where star forma- 
tion drops off strongly, so there are few super- 
nova explosions—some other mechanism has 
to be stirring the gas to maintain the observed 
density of kinetic energy. 

Two possibilities have been proposed for this 
alternative mechanism. One possibility is mag- 
netorotational instability (56), which transfers 
energy from differential rotation into turbulence 
whenever the angular velocity decreases out- 
ward in rotating, magnetized gas. Galactic disks 
have flat rotation curves, with constant orbital 
velocity, because they lie within massive haloes 
of dark matter. Therefore, their angular velocity 
decreases outward, so magnetorotational insta- 
bility can drive substantial turbulence (57). 

However, the strength of this turbulence de- 
pends on the thermal properties of the gas. The 
temperature dependence of the cooling curve for 
interstellar gas at T < 10* K leads to the pos- 
sibility of a two-phase medium in which the gas 
has two stable equilibria with the radiative heat- 
ing (58), one cold (J ~ 107 K) and dense (n ~ 
100 cm °) phase and one warm (7 ~ 10°) and 
lower density (n ~ 1 cm °) phase. Simulations 
have shown that velocity dispersions of the mag- 
nitudes observed in 21-cm emission can be 
reached if such a two-phase medium forms (59). 
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The energy input from the magnetorotational 
instability appears sufficient to explain the ki- 
netic energy seen in the outer disks of galaxies 
beyond the star-forming region where super- 
novas are expected (52). 

Another possibility is that radiative heating 
from external sources of UV radiation such as 
quasars or starburst galaxies can by itself main- 
tain the observed velocity dispersion as thermal 
motion (60, 6/). Under this hypothesis, gas in 
the outer disk must lie predominantly in the 
warm phase, and the transition to a two-phase 
medium as density increases marks the radius at 
which star formation begins. This model can be 
distinguished observationally from magnetorota- 
tional instability by its prediction of an absence 
of gas in the cold, dense phase in outer disks. 
However, the discovery of finite rates of star 
formation in outer disks by the GALEX satellite 
UV observatory (62) suggests the presence of the 
cold, dense phase, supporting magnetorotational 
instability as the second driving mechanism. 

Recently, radiation pressure from the light 
emitted by the most massive star clusters reflect- 
ing off of dust grains in the interstellar gas has 
been argued to play a major, or even dominant, 
role in limiting star formation in galaxies (53). 
However, this conclusion depends on how well 
radiation can couple to the dust and thence with 
the gas by collisions of moving dust grains with 
the surrounding gas particles. If each photon 
from the massive stars only scatters once off of 
a dust grain before escaping the system, then the 
radiation pressure from a star cluster with lu- 
minosity L is proportional to L/c, where c = 3 x 
10° km s | is the speed of light. This is some- 
times called the momentum-driven limit, because 
this conserves the momentum of the radiation, 
but much of its energy escapes. If, on the other 
hand, the dust is extremely optically thick so 
that the photons continue scattering off of the 
dust until they lose almost all their energy, then 
the radiation pressure is far higher, proportional 
to L/Vams, Which is called the energy-driven lim- 
it. Because the turbulent motions in interstel- 
lar gas have Vim; ~ 10 km s |, this represents a 
huge difference. 

Although it is unlikely that the energy-driven 
limit is ever reached in real star-forming galaxies, 
the argument for the importance of radiation 
pressure relies on the expectation that the num- 
ber of times the photons scatter is comparable to 
the infrared optical depth, tz, of the most mas- 
sive star-forming regions in the galaxies, which 
can be over 100. This assumption suggests a ra- 
diation pressure proportional to tyrL/c. However, 
several groups (63, 64) argued for the momentum- 
driven limit actually being the appropriate one, 
suggesting that radiation pressure is far less im- 
portant in galactic evolution. 

Recent multidimensional simulations of ra- 
diation pressure acting on a layer of gas with 
Tr => 1 (65) showed that the radiation acts as a 
rarefied fluid accelerating a dense fluid, which 
causes Rayleigh-Taylor instability. The instability 
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overturns and fragments the dense gas, stirring 
it but allowing the radiation to escape far more 
quickly than would be expected from its initial 
optical depth. As a result of this overturn, al- 
though radiation pressure is more effective than 
the momentum-driven limit, it is typically at least 
an order of magnitude less efficient than sug- 
gested by the assumption of proportionality to 
TpL/c. This calls into serious question results 
based on that assumption. 

The gravitational interaction of the gas with 
itself can temporarily drive turbulence even in 
the absence of outside energy inputs. Such gravi- 
tationally driven turbulence occurs in disks that 
are dense and cool enough to be subject to grav- 
itational instability (26). The resulting turbulence 
produces a distribution of surface-density fluc- 
tuations consistent with observations of atomic 
gas in the Magellanic Clouds. However, turbu- 
lence decays in roughly a gravitational free-fall 
time (66), so turbulence driven by internal grav- 
itational motions cannot effectively delay grav- 
itational collapse and subsequent star formation 
on its own. 

On the other hand, accretion of gas from 
the intergalactic medium onto galaxies, a pro- 
cess that appears to continue to the present 
day, carries substantial kinetic energy with it, 
so it could feed gravitationally driven turbu- 
lence. Even if that energy only couples to the 
interstellar gas with 10% efficiency, the velocity 
dispersion observed in the gas of galaxies com- 
parable in mass to the Milky Way could be 
maintained if they accrete gas at the same rate 
as they form stars (67). Lower-mass dwarf gal- 
axies have lower accretion velocities, though, 
and so gain less energy. Nevertheless, they have 
the same observed velocity dispersion, which can- 
not be explained by this mechanism. Such dwarf 
galaxies represent the dominant location for star 
formation over cosmic time (68), so mechanisms 
other than accretion, such as supernova driving, 
must play an important role in its regulation. 

However, accretion may dominate the dy- 
namics of individual star-forming clouds. They 
appear to continually accrete gas from the sur- 
rounding interstellar medium at a rate sufficient 
to drive the turbulent motions of 1 to 5 km s! 
observed within them (67, 69, 70). This results 
in longer lifetimes than would be expected for 
isolated clouds of the same mass, because the 
driven turbulence inhibits collapse and star for- 
mation. Still, other forms of feedback such as 
ionization heating appear necessary to explain 
how star formation within these clouds comes to 
an end and the dense gas disperses. 

Models of galactic evolution do lead to one 
firm conclusion: Driving of turbulence by in- 
ternal gravity or accretion onto galaxies must 
be supplemented by other energy sources, as 
has been argued must be true at least for dwarf 
galaxies (67). Otherwise, standard simulations 
performed without stellar feedback or other en- 
ergy sources beyond gravity would be sufficient 
to reproduce observed galaxies, which is not the 


case, as summarized in (29) and simulated at 
high resolution in small, isolated dwarfs in (7/). 
Insufficient numerical resolution leading to ex- 
cessive dissipation of turbulent energy may play 
a role in massive galaxies but not in the well- 
resolved dwarf simulations. Ultimately, gravity 
must compete with stellar feedback and other 
energy sources to determine the progression of 
collapse and star formation. 


Star-Formation Laws 


Star formation correlates well with gas surface 
density in galaxies. The most well-known ver- 
sion of this correlation, the Kennicutt-Schmidt 
law (50), relates the SFR surface density, Uspr, 
to the total (both atomic and molecular) gas 
surface density X,,, averaged over either the en- 
tire disks of normal or starburst galaxies or entire 
galactic centers (Box 2) to derive the empirical law 


DsER yen (2) 


Although variations around this law have 
been repeatedly found, for example, in (72), it 
nevertheless appears to broadly hold (73). As 
observations reached higher resolution and were 
able to resolve regions a few thousand light- 
years on a side in nearby galaxies, a similar 
correlation was found for them (74). However, 
in this case (Fig. 3A), regions with the lowest 
gas surface densities have lower SFR densities 
than would be expected from the power-law cor- 
relation, whereas the highest gas surface densi- 
ties have higher than expected rates. Comparison 
to nearby star-forming regions in the Milky Way 
shows that individual molecular clouds dozens 
of light-years in size form stars far more effi- 
ciently than the larger regions observable in ex- 
ternal galaxies (75). The rates observed in local 
clouds have been successfully simulated by using 
high-resolution simulations of super-Alfvénic, 
isothermal turbulence (76). Star formation de- 
viates from the power-law correlations with total 
gas in extreme cases, but it correlates linearly 
with H, surface density over the entire range of 
observed values (74, 77-80), although with more 
than an order of magnitude scatter among in- 
dividual regions. This has been interpreted to 
mean that Hz formation causes or controls star 
formation (63, 8/—83). However, one must ask 
whether correlation actually implies causation. 

Other measurements of high-density gas (n > 
10* cm’) also show linear correlations of the 
column density of the gas with star formation. 
These include a linear correlation between HCN 
emission, which only occurs above a critical den- 
sity n, ~ 10° cm’, and Yep (84) and a direct 
correlation between the number of young stellar 
objects in a region and the mass of material along 
lines of sight with sufficient dust to obscure 
background stars by greater than 0.8 magnitude 
in near-infrared light measured in the 2-um 
K-band (85). 

Examination of the physics of star formation 
reveals that molecule formation is not vital to 
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Fig. 3. Star-formation correlations. (A) A comparison of SFR surface den- 
sity, Lser, to total gas surface density, X4a;, from observations presented in 
(74), showing the combined data from that paper in colored contours along 
with points from the observations described in the legend (50, 78, 130-133). 


the process of gravitational collapse so long as 
heavy elements such as carbon and oxygen are 
present even in trace quantities >10 ° the solar 
abundance. It had been argued that low-energy 
molecular lines were required to allow radiative 
cooling of star-forming gas to only a few tens of 
degrees above absolute zero. Molecular gas does 
in fact dominate the cooling of such high-density 
gas, but this is coincidental: Pure atomic gas at 
the same densities cools almost as effectively 
by radiation from fine structure lines of heavy 
elements. Instead, the key factor for star forma- 
tion seems to be shielding of the cold gas by dust 
from heating by background UV light (86, 87). 
Removing molecular cooling from models changes 
the minimum temperature from 5 to 7 K, whereas 
removing the shielding increases the minimum 
temperature by more than an order of magnitude 
(87). Indeed, well-resolved galaxy formation 
simulations reached virtually the same result 
whether star formation was limited to occur 
only in molecular gas or allowed to occur in all 
dense gas (88). 

The correlation observed between H, and 
SFR surface densities appears not to be causal 
but rather to occur because both have a common 
cause. Formation of H2 occurs over a time scale 
(89) of te = (1 Gyn/1 cm). When stars form 
through gravitational collapse, high densities are 
inevitably reached, and H> then forms quickly 
(90). This happens almost independent of the 
dust-to-gas ratio (9/7), which is largely con- 
trolled by the abundance of heavy elements, 
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Box 2. Star-formation law observations. 


Log <,., (M.pce?) 


The dashed lines show what percentage of the gas would be consumed at that 
SFR over a period of 10° years. (B) Radial profiles across model disks sim- 
ulated with isothermal gas, live stellar disks, and dark matter halos (134), show- 
ing the same drop in star-formation efficiency at low gas-surface density. 


Observers derive SFRs from different observational indicators that trace either directly or 
indirectly the ionizing UV radiation from massive stars. Such stars have short lifetimes of only a 
few million years, so their presence traces recent star formation. The dense gas and dust im- 
mediately around newly forming stars absorbs UV light efficiently, ionizing and heating up in the 
process and reemitting the energy in the far infrared. Eventually, the expanding bubble of ionized 
gas escapes the cloud. That gas can be observed in the Ha line (the 2-1 transition of recombining 
atomic hydrogen), which lies in the red portion of the visible spectrum. After the young stars have 
entirely escaped their natal gas, they can be directly observed in the UV. 

Determination of the total gas surface density depends on observation of not just the atomic 
hydrogen that dominates the diffuse interstellar gas but also the Hz that forms in the dense, star- 
forming clouds. However, the lowest rotational lines from the low-mass H2 molecule lie at such 
high energies that they are not excited at the low temperatures typical of molecular gas [e.g., 
(73)]. Instead, emission from the next most common molecule, carbon monoxide, is used as a 
tracer of the molecular gas. This requires the use of a conversion factor, Xco, that has been found 
to be roughly constant in the Milky Way. However, it has recently been demonstrated (123—126) 
that the conversion factor rises sharply in regions with low absorption because of either low 
column density of gas and dust or low heavy-element abundance leading to low dust fractions in 
the gas. Conversely, it seems to drop in high column density regions dominated by molecular gas 
(127), such as in starburst galaxies (728). 


even though H, formation depends on dust 
surfaces. The dust grains provide the neces- 
sary catalyst for formation of a homonuclear 
molecule at densities low enough that three- 
body collisions hardly ever occur. (An excep- 
tion to the need for dust surfaces occurs in the 
almost radiation-free environment of the early 
universe, where electrons and protons can act 
as catalysts in gas-phase reactions involving 
the fragile H’ and H;" ions.) 


Collapse occurs within a free-fall time (92). 
However, at solar elemental abundances, cooling 
occurs far more quickly, with the cooling time 
teool < ter for abundances as low as 10“ of the 
solar abundance, characteristic of the early uni- 
verse or the very lowest abundance dwarf galaxies 
in the local neighborhood. In such low-abundance 
gas, molecule formation is delayed severely com- 
pared with the near solar abundance gas charac- 
teristic of the Milky Way. Then H, only forms in 
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the very densest cores of the collapsing region, 
leading to low integrated molecular fractions, 
despite ongoing star formation. 


Gravitational Instability 

The gravitational instability of the gas and stars in 
galaxies does appear to control star formation di- 
rectly. We can heuristically derive (37, 6/) the crite- 
rion for stability of a differentially rotating galactic 
disk (93, 94) by comparing the free-fall time re- 
quired for collapse of a region to the time required 
for it to shear apart or for a pressure wave to cross 
it. We consider a thin galactic disk with uniform 
c, and surface density &. The Jeans criterion for 
gravitational instability requires that the time scale 
for collapse of a density perturbation of size A 


tee = (WG)? (3) 


not exceed the time required for the gas to re- 
spond to the collapse by changing its pressure, 
the sound crossing time, 


i, = Ne, (4) 


This implies that regions can collapse if they 
have size 


A> 2/GE (5) 


In a rotating disk, collapsing perturbations 
effectively rotate around themselves because of 
Coriolis forces (93, 95), causing centrifugal mo- 
tions that can also support against gravitational 
collapse if ts exceeds the rotational period t,o, = 
2k, where the epicyclic frequency « is of order 
the rotational frequency of the disk Q. Thus, for 
collapse to proceed, 


X < 4n?GE/k? (6) 


Gravitational instability occurs if there are 
regions with sizes that satisfy both of these criteria 
simultaneously, having 


on An? GY 
Ce <rd< 2 (7) 


This occurs if the Toomre parameter (93) 
O = c.k/(2mGX) < 1 (8) 


The full criterion for instability derived from 
linear analysis of the equations of motion of gas 
in shearing disks gives a factor of m rather than 
2x in the denominator (94, 96), whereas the use 
of kinetic theory for collisionless stellar disks 
gives a factor of 3.36 (93). 

When collisionless stars and collisional gas 
both contribute to gravitational instability, as in 
most galactic disks, a rather more complicated 
formalism is required to accurately capture their 
combined action (97, 98). This has been suc- 
cessfully approximated with simple algebraic com- 
binations of the stellar and gas Toomre parameters 
(99, 100). Gas supported by turbulent flows rather 
than pure thermal pressure has no formal mini- 
mum wavelength for gravitational collapse in 
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the presence of turbulent dissipation (95), al- 
though finite disk thickness does act to stabilize 
the smallest wavelengths against collapse. 

Numerical simulations display the relation- 
ship between global gravitational instability and 
star formation. An example is given in (/0/), which 
describes simulations of the behavior of expo- 
nential gas disks embedded in live stellar disks 
with the turbulent velocity in the disk modeled by 
using an isothermal equation of state having a 
6 tol2 kms | sound speed. The strength of the 
gravitational instability was varied, and the amount 
of gas that collapsed gravitationally was mea- 
sured in models that resolved the Jeans length to 
densities of n ~ 10’ cm *. Not only did all the mod- 
els fall cleanly on the global Kennicutt-Schmidt 
correlation between total gas and SFR surface 
density but also (Fig. 3B) analysis of azimuthal 
rings in the models predicts the falloff in star for- 
mation at low gas densities observed at kiloparsec 
scales (74). 

Another example of the strength of the hy- 
pothesis that gravitational instability controls star 
formation lies in the unusual morphologies of 
many high-redshift galaxies. Clumpy, tregular 
galaxies occur far more frequently at z ~ 2 than 
in modern times (/02). Galaxies then tended to be 
far more gas-rich than now because gas accreted 
far more quickly in the denser high-redshift uni- 
verse. As a result, high-redshift galaxies are more 
likely to be strongly gravitationally unstable. Well- 
resolved adaptive-mesh computations show that 
such conditions naturally lead to the formation 
of giant, gravitationally bound clumps (/03) con- 
sistent with the observed morphologies. 

An extended version of the gravitational in- 
stability hypothesis (104-107) proposes that star 
formation is controlled by the combination of 
gravitational instability and thermal equilibrium 
in a two-phase medium. This occurs because stel- 
lar feedback increases as star formation increases, 
which in turn is driven by gravitational insta- 
bility. However, as the feedback increases, it heats 
and stirs the gas. This reduces its gravitational in- 
stability as its effective pressure increases and ul- 
timately prevents gravitational instability entirely if 
the pressure increases beyond the range available 
to a two-phase medium. Thus, in this model, the 
SFR adjusts until a steady-state rate of star for- 
mation is reached. 


Outlook 


Understanding the cosmic history of star forma- 
tion requires a statistical description of the lumi- 
nosity function of galaxies, particularly of faint 
galaxies at early times. These faint galaxies dom- 
inate cosmic reionization (/08) and can explain 
most of the apparent difference between star 
formation histories derived from gamma-ray burst 
statistics and Lyman break galaxies (/5). He- 
roic efforts with the final instrument set on the 
Hubble Space Telescope are yielding our first 
glimpses into this territory (08, 109), but real 
progress will occur with the next generation of 
ground and space-based telescopes, such as the 


James Webb Space Telescope (//0), the Euro- 
pean Extremely Large Telescope (///) and other 
30-m telescopes, and the Large Synoptic Survey 
Telescope (12). 

Resolving feedback in simulations reaching 
cosmological scales remains tremendously diffi- 
cult, but computers are slowly becoming suffi- 
ciently powerful and algorithms well developed 
enough for this to fall within the realm of the 
possible. Simulations of star formation over cos- 
mic time that result in realistic star formation 
histories for single galaxies (88, //3) and even 
clusters of galaxies (//4) have started appearing. 
Expanding these to statistically representative 
samples of the universe containing both clusters 
and voids remains a huge challenge that is just 
starting to be met (//5). Use of adaptive spatial 
resolution on either structured (//6, 1/7) or un- 
structured (//5, 178) meshes (119) will clearly play 
a central role in making progress. Also required 
will be use of hybrid algorithms to take full ad- 
vantage of massively parallel computer clusters 
made up of nodes with multiple processors shar- 
ing memory or even graphics coprocessors. 

As our understanding of star formation comes 
into focus, we will be able to apply the knowl- 
edge gained to a series of outstanding questions. 
One is the evolution of heavy-element abundances 
in galaxies, ultimately leading to planet forma- 
tion around stars with sufficient rock-forming 
elements (/20). Another is understanding the 
structure and origins of our own Milky Way Gal- 
axy, and a third is understanding how gas be- 
tween galaxies both in clusters and in the field 
gets polluted with heavy elements and heated 
up to observed abundances and temperatures. 
Last, the very structure of the cores of dark-matter 
halos appears intertwined with star formation and 
feedback. Thus, improving our understanding of 
star formation will provide the key to unlocking 
the story of our own origins and those of the 
universe around us. 
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Ribosome in an Intermediate State 
of Translocation 


David S. Tourigny, Israel S. Fernandez, Ann C. Kelley, V. Ramakrishnan* 


Introduction: After peptidyl transfer, the movement of messenger RNA (mRNA) and transfer RNAs 
(tRNAs) with respect to the ribosome places the next mRNA codon in the A site. This process of trans- 
location proceeds via an intermediate state in which the acceptor ends of the tRNAs have moved 
with respect to the 50S subunit but not the 305 subunit, to result in A/P and P/E tRNA hybrid states. 
The guanosine triphosphatase elongation factor G (EF-G) catalyzes the subsequent movement of 
mRNA and tRNA with respect to the 30S subunit. How EF-G binds to the intermediate state of the 
ribosome and how this results in guanosine 5’-triphosphate (GTP) hydrolysis and translocation are 
questions that will be greatly facilitated by a high-resolution structure of the complex. 


Methods: Thermus thermophilus ribosomes lacking protein L9 were crystallized in an intermediate 
state with mRNA, a hybrid P/E tRNA, and EF-G with the nonhydrolyzable GTP analog GDPCP. The 
structure was solved by molecular replacement and refined to 2.9 A resolution. 


Results: The 50S and 30S ribosomal subunits are rotated relative to each other, as was expected 
from previous cryo—electron microscopy studies. The L1 stalk on the 505 subunit moves inward to 
stabilize the P/E hybrid-state tRNA, and atomic details of this interaction can now be seen. Domain 
IV of EF-G takes up an orientation intermediate between that of the isolated form of EF-G and that 
of EF-G bound to the ribosome in the fully translocated state. The catalytic center of EF-G shows that 
key switch regions surrounding the y-phosphate of GDPCP are clearly visible and therefore ordered. 
Moreover, key conserved residues in EF-G, including a histidine and an aspartate, change conforma- 
tion relative to both the isolated and fully translocated structure. These activated conformations 
appear to be stabilized by the highly conserved sarcin-ricin RNA loop (SRL) of the 505 subunit. 


Discussion: Comparison with the posttranslocational state suggests that interactions between the 
tRNA and L1 stalk are preserved throughout translocation and that these are probably an essential 
feature of translocation required for stabilization of the hybrid P/E state. 

In the isolated structure of EF-G, domain IV, because of its orientation, would largely avoid a 
clash with A-site tRNA, as would be required for formation of a transient initial complex. In our 
structure, domain IV partly extends into the A site, which is consistent with the observation that EF-G 
facilitates translocation at a slow rate even without GTP hydrolysis. 

The catalytic center of EF-G has essentially the same structure as that previously observed for 
elongation factor Tu (EF-Tu), with the highly conserved histidine stabilized by the SRL in an orienta- 
tion that coordinates a water molecule in position for hydrolysis of GTP. This shows that although 
EF-Tu and EF-G bind to very different states of the ribosome, the mechanism of activation of GTP 
hydrolysis is probably the same for these two factors, and possibly for other translational GTPases. 
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30S rotation 
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Fig. 1. Unbiased difference Fourier maps. 


Fig. 2. EF-G bound to the rotated state of the 
ribosome. 


Fig. 3. Dynamics of the L1 stalk during tRNA 
translocation. 


Fig. 4. Interactions of EF-G with L6, L11, 
and L12. 


Fig. 5. Conformational changes in EF-G 
during translocation. 


Fig. 6. The active site of EF-G. 


Table 1. Summary of crystallographic data 
and refinement. 


SUPPLEMENTARY MATERIALS 
Movies S11 to $3 


Structure of EF-G with GDPCP bound to the ribo- 
some in an intermediate state of translocation. 
(A) Overview of the structure with a hybrid P/E tRNA. 
(B) Rotation of the body and swiveling of the head of 
the 305 subunit (yellow), compared to the canonical 
state (gray). (C) Catalytic site showing conserved resi- 
dues around the GDPCP molecule stabilized in an acti- 
vated conformation. 
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Elongation Factor G Bound 
to the Ribosome in an Intermediate 
State of Translocation 


David S. Tourigny, Israel S$. Fernandez, Ann C. Kelley, V. Ramakrishnan* 


A key step of translation by the ribosome is translocation, which involves the movement of 
messenger RNA (mRNA) and transfer RNA (tRNA) with respect to the ribosome. This allows a new 
round of protein chain elongation by placing the next mRNA codon in the A site of the 30S 
subunit. Translocation proceeds through an intermediate state in which the acceptor ends 

of the tRNAs have moved with respect to the 50S subunit but not the 30S subunit, to form 
hybrid states. The guanosine triphosphatase (GTPase) elongation factor G (EF-G) catalyzes the 
subsequent movement of mRNA and tRNA with respect to the 30S subunit. Here, we present a 
crystal structure at 3 angstrom resolution of the Thermus thermophilus ribosome with a tRNA 

in the hybrid P/E state bound to EF-G with a GTP analog. The structure provides insights 

into structural changes that facilitate translocation and suggests a common GTPase mechanism 


for EF-G and elongation factor Tu. 


ollowing peptidyl transfer, translocation of 

tRNAs on the ribosome was shown to oc- 

cur spontaneously with respect to the 505 
subunit, while the anticodon ends and mRNA 
remain anchored in their original sites in the 30S 
subunit, resulting in the formation of A/P and 
P/E tRNA hybrid states (/). The hybrid tRNA 
states are accompanied by a rotation of the ri- 
bosomal subunits relative to one another, to- 
gether with a series of conformational changes 
in the L1 stalk and main body of the ribosome 
(Ge): 

In the second step of translocation, the guano- 
sine triphosphatase (GTPase) elongation factor G 
(EF-G) catalyzes the movement of mRNA and 
tRNAs with respect to the 30S subunit, thereby 
placing the next codon of mRNA in the A site and 
restoring the ribosome to the canonical, unrotated 
state. Various experiments suggest that EF-G with 
GTP stabilizes the rotated state of the ribosome 
(4) with hybrid tRNAs (5—7). EF-G is struc- 
turally similar to the ternary complex of elonga- 
tion factor Tu (EF-Tu), tRNA, and GTP, with 
its domain IV mimicking the anticodon stem- 
loop of tRNA (S—J0). The structures of EF-G 
bound to the ribosome in both the canonical and 
rotated states have been observed by cryo-electron 
microscopy (cryo-EM) (//—/3). Whereas these 
studies have greatly advanced our understand- 
ing of the changes in the ribosome induced by 
EF-G binding, a high-resolution structure can 
provide greater details of the interactions of 
EF-G with the rotated state of the ribosome and 
insights into the molecular mechanisms that lead 
to translocation. 
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It was originally assumed that EF-G sim- 
ply lowers the free-energy barrier of the spon- 
taneous reaction and that GTP hydrolysis is 
required to release EF-G from the posttrans- 
located ribosome (/4, /5). The currently pre- 
vailing view, based on kinetic experiments 
suggesting that GTP hydrolysis precedes and 
accelerates translocation (/6—/8), is that the 
rotated-state ribosome plays the role of a GTPase 
activator for EF-G. Rapid GTP hydrolysis upon 
ribosome binding is thought to accelerate rate- 
limiting conformational changes that result in 
an unlocking of the ribosome leading to trans- 
location (/7). 

How GTP hydrolysis is activated by the ribo- 
some remains somewhat controversial. Muta- 
tion of the highly conserved His“ of EF-Tu to 
alanine resulted in a 10°-fold reduction in cat- 
alytic activity (/9). The structure of the ternary 
complex bound to the ribosome showed that His“ 
in the switch II region was involved in hydrogen- 
bonding interactions both with A2662 of the 
sarcin-ricin loop (SRL) of 23S ribosomal RNA 
(tRNA) and a water molecule positioned for hy- 
drolysis of the y-phosphate of the GTP analog 
B-y-methyleneguanosine 5’-triphosphate (GDPCP) 
(20). Suggestions that the histidine might play 
a role as a catalytic base were later questioned 
(21-23). Subsequently, a structure of release fac- 
tor 3 (RF3) bound to a rotated-state ribosome 
(24) placed the histidine in a very different po- 
sition, suggesting that it was unlikely to play a 
direct role in catalysis and that any mechanism 
of GTP hydrolysis is not general, as was first 
proposed (20). 

A breakthrough in determining high-resolution 
structures of the ribosome bound to EF-G in 
various states was made when the crystal struc- 
ture of guanosine diphosphate (GDP)-bound EF-G 
stalled on a posttranslocated ribosome was solved 


D> 
\ 


(25). Here, we report a crystal structure refined 
using data to 2.9 A, of the ribosome bound to 
EF-G with GDPCP. In addition, the structure 
consists of an mRNA with a phenylalanine 
codon in the P site and a tRNA?” in the P/E 
hybrid state. As was done in previous cryo-EM 
structures (//, 12), the A-site tRNA was left out 
in order to obtain the intermediate rotated state 
of the ribosome, because in its presence with 
wild-type EF-G, the ribosome proceeds within 
seconds to the posttranslocational canonical state 
even without GTP hydrolysis (16, 26). This 
structure with EF-G bound to the rotated state 
of the ribosome before GTP hydrolysis lacks 
an A-site tRNA, but otherwise represents a key 
hitherto missing high-resolution structure in the 
elongation cycle. 


Results 


Overall Structure 


Crystallographic data are shown in Table 1. 
After molecular replacement using the 50S and 
30S subunits as search models, the P/E tRNA, 
mRNA, EF-G, and GDPCP were clearly visible 
in difference Fourier maps (Fig. 1; mRNA not 
shown), and the entire structure was built and 
refined (Fig. 2A). The main body of the 30S sub- 
unit is rotated ~7° counterclockwise with re- 
spect to the 50S (as viewed from the solvent 
side) (Fig. 2B and movie S1). Although the pre- 
cise rotation angles differ, the intersubunit inter- 
actions and central bridges are similar to those 
previously seen in the rotated state with ribosome 
recycling factor (RRF) (27) or RF3 (24, 28), sug- 
gesting a ratcheting motion that is conserved 
across the translational pathway. The head of the 
30S is swiveled by ~5° as compared to the ca- 
nonical state (Fig. 2C and movie S2). Two sep- 
arate ratcheted states that differ in the degree of 
head swiveling have been identified by cryo-EM 
of an EF-G-ribosome complex (/3). As displayed 
in Fig. 2C, the 30S head of this structure has a 
conformation similar to that of the TI’®® state in 
that cryo-EM study [root mean square deviation 
(RMSD) of 1.7 A as opposed to 11.1 A when 
compared to TI?°S* state]. Recently, it was shown 
that the TI’®® state also closely resembles cryo- 
EM reconstructions of ribosomes containing both 
P/E and A/P hybrid tRNAs after peptidy! transfer 
(29), which is further evidence that our structure 
represents a valid model for the main interme- 
diate state of translocation. The head swivel is 
thought to widen a constriction in the 30S to 
allow translocation of the P-site RNA to the E site 
(13, 30, 31). In the rotated state seen here, this 
constriction is widened by ~2.7 A compared 
to the canonical state, suggesting that further 
widening must occur at some point to allow 
translocation of the anticodon stem-loop of tRNA 
from the P to the E site. It has been proposed that 
intersubunit ratcheting and 30S’ head swiveling 
are sequential events that provide directionality 
to mRNA and tRNA translocation (32). 
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Table 1. Summary of crystallographic data and refinement. 


Data set 1 Data set 2 70S-tRNA-EF-G-GDPCP (merged) 
Data collection 
Beamline 1D14-4 (ESRF) 104 (DLS) 
Space group P2, P2, P2, 
Cell dimensions 
a, b,c (A) 203.42, 243.05, 309.97 201.58, 241.65, 305.80 201.58, 241.65, 305.80 
a, B, y (°) 90.00, 99.53, 90.00 90.00, 99.48, 90.00 90.00, 99.48, 90.00 
Resolution (A) 39.6-3.1 (3.2-3.1) 39.6-2.9 (3.0—2.9)* 39.6—2.9 (3.0-2.9)¢ 
Ryym (%) 17.8 (58.7) 24.1 (138.4) 22.4 (137.8) 
Io(1) 8.15 (2.42) 4.93 (1.08) 7.56 (1.02) 
Completeness (%) 99.6 (97.1) 97.8 (98.9) 99.8 (98.9) 
Refinement 
Resolution (A) 39.6-2.9 
No. unique reflections 635,092 
RworlRiree 19.6/24.5 
No. atoms 150,122 
B values 
RNA 37.8 
Protein 51.4 
Bond length RMSD (A) 0.004 
Bond angles RMSD (°) 1.488 
*I/o(I) = 2.15 at 3.1 A (using a bin from 3.2 to 3.1 A resolution). fl/o(!) = 3.31 at 3.1 A (using a bin from 3.2 to 3.1 A resolution). 


Interaction of the L1 Stalk with the P/E 
Hybrid tRNA 


The tRNA?”® in the P/E conformation is distorted, 
with a twist in the D-stem of the main body 
enabling the acceptor arm to swing ~35° toward 
the E site of the 50S subunit, similar to that seen 
in the hybrid states with RRF (27) or RF3 (28) 
(RMSD of 0.81 and 1.55 A, respectively). The 
elbow of the P/E tRNA is cradled by the L1 stalk 
of the 50S ribosomal subunit, which has pivoted 
about the base of helix H76 (Fig. 3A) and swung 
into the fully closed conformation seen in lower- 
resolution studies (//, /2). In structures with a 
canonical E-site tRNA in the posttranslocational 
state, the L1 stalk is in a “half-closed’” conforma- 
tion (25). Relative to that conformation, the distal 
part of the L1 stalk has moved inward by ~25 A 
to interact with the P/E tRNA (Fig. 3B), result- 
ing in an angle of ~17.4° between these two po- 
sitions. Moreover, there is a distance of ~37 A 
between the closed conformation seen here and 
the fully open conformation observed in structures 
of the ribosome with a vacant E site (30). This 
dynamical nature of the L1 stalk has been studied 
in two kinds of single-molecule fluorescence 
resonance energy transfer experiments and dem- 
onstrated to have a mechanistic role during trans- 
location (33, 34). In the absence of any factor, 
the L1 stalk fluctuates between half-closed and 
closed conformations corresponding to non- His87 Asp22 Lys25 
ratcheted and ratcheted states of the ribosome; 
binding of EF-G shifts this equilibrium toward the 
closed conformation of the ratcheted state. Our 
structure supports the notion that the L1 stalk- 
tRNA interaction persists throughout transloca- 


A 


Switch | 


Fig. 1. Unbiased difference Fourier maps. Unbiased difference Fourier maps obtained after initial 
refinement with an empty ribosome as a starting model, showing (A) P/E tRNA, (B) switch | and GDPCP 
in the active site, and (C to E) key conserved residues in the active site with water molecules. 


tion (33). However, a separate study suggests A detailed description of the interactions be- conformation, resulting in excellent maps that 
that hybrid state formation and L1 stalk closure _ tween the L1 protein and tRNA is made possi- — show side-chain conformations (Fig. 3C). Most 
are not tightly coupled (35). ble by the stabilization of the stalk in the closed of these interactions are electrostatic, such as 
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Fig. 2. EF-G bound to the ro- 
tated state of the ribosome. 
(A) Overall view of EF-G and the 
ribosome. Shown are EF-G (red), 
the 50S subunit (cyan), 30S sub- 
unit (yellow), P/E-site tRNA (green), 
and ribosomal protein L1 (orange). 
(B) Global conformational changes 
in the 70S ribosome upon GTP hy- 
drolysis as viewed from the per- 
spective of the 235 RNA (cyan). (C) 
Change in the swivel angle of the 
head of the 30S in various states 
of the ribosome, showing the ro- 
tated state with EF-G in this study 


EF-G (GDPCP) 


#@ (GDP) 
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EF-G 
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(yellow), the posttranslocated state with EF-G and GDP [light gray; Protein Data Bank (PDB) code 2WRIl] (25), the “TIP” state of a cryo-EM structure of EF-G with GPDNP 
bound to a rotated state (green) (13), and the “TI"°*” state of the same study (red). For clarity, only the rRNA is shown in (B) and (Q). 


Fig. 3. Dynamics of the L1 stalk during tRNA translocation. (A) Three distinct conformations of 
the L1 stalk, showing the open (gray; PDB code 2WA4) (30), the half-closed (pink; PDB code 2WR)) 
(25), and fully closed conformations (cyan; this study). (B) The ribosomal protein L1 (orange) stabilizes 
the distorted P/E tRNA (green) halfway between the canonical P-site (red) and E-site (blue, see inset) 
conformations. (C) Details of interactions between the L1 protein (orange) and elbow of the P/E tRNA 
(green). The unbiased F, — F, difference Fourier map is contoured at 2.50. 


Arg®, Arg!*’, and Arg'®* forming salt bridges 
with the negatively charged phosphate backbone 
of the tRNA, but there is also a stacking inter- 
action between base C56 and the imino ring of 
Pro'*?, Such contacts are probably maintained 
as the L1 stalk chaperones the P/E tRNA to the 
E/E conformation during translocation (33), 
because superposing the current structure with 
that docked into the posttranslocated ribosome 
structure reveals that the backbone of the Ll 
protein does not change upon the transition. 


Interactions of EF-G with L11, L12, and L6 


On the other side of the 50S subunit from the 
LI stalk, the interaction of EF-G with L6, L11, 
and the L12 stalk are indistinguishable from 
those previously described for the posttrans- 
locational state (25) (Fig. 4). In particular, the 
C-terminal domain of one of the L12 molecules 
is seen interacting with EF-G and the N-terminal 
domain of L11, and on the opposite side, L6, 
at the base of the L12 stalk, also interacts with 
EF-G through a flexible C-terminal domain 
extension. 
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Changes in the Conformation of Domain 

IV of EF-G 

Details of the structural changes in EF-G during 
translocation can be discerned by superposing 
domains I and II of EF-G in this structure with 
those of the isolated factor (36) or in the post- 
translocational state (25). In this superposition, 
the isolated structure of EF-G would have a con- 
formation of domain IV that would largely avoid 
a steric clash with A-site tRNA (Fig. 5A). Pre- 
sumably this orientation of domain IV resembles 
the transient state immediately after EF-G binds 
to the rotated state and just before translocation 
occurs in the 30S. In the structure described here, 
domain IV has moved partly into the A site and 
would clash with A-site tRNA (Fig. SA and movie 
S1), which explains why slow translocation can 
occur even without GTP hydrolysis. Thus, ribo- 
some binding alone must promote a conformation 
of EF-G that partially facilitates translocation. 
However, the fragmented density and high B fac- 
tors for domain IV suggest that it has a dynamical 
nature, consistent with its requirement for being 
able to coexist transiently with A-site tRNA. 


A comparison with EF-G in the posttrans- 
locational state (25) shows that the tip of do- 
main IV has moved by another ~6.6 A and more 
fully occupies the A site (Fig. 5B and movie S1). 
This further movement is a result of the rotation 
of the superdomain J-II relative to domains III-V 
that presumably occurs after GTP hydrolysis. 


Changes in the Catalytic Site 


The catalytic site of EF-G shows distinct differ- 
ences from the posttranslocated GDP form (25) 
or the isolated EF-G with GDPNP (36) that 
yield insights into activation of GTP hydrolysis. 
The switch I region was unresolvable in pre- 
vious crystal structures of both posttranslocated 
and isolated EF-G, but is ordered in this struc- 
ture from Met*? onward. The switch I region 
adopts a single turn of a 349 helix that contacts 
helix B3 of domain III, as in the isolated struc- 
ture of the EF-G homolog EF-G-2 in the GTP 
form and as also seen at lower resolution by cryo- 
EM studies of a ribosomal complex similar to 
the structure described here (/2). The y-phosphate 
of GDPCP is surrounded by several highly con- 
served residues, notably His®’ of switch II and 
Asp” and Lys” in the P loop (Fig. 6, A and B). 
His*’ and Asp” point away from bound nucleo- 
tide in the isolated and posttranslocated states 
of EF-G, but have moved by ~6.4 and ~3.3 A, 
respectively, toward the y-phosphate of GDPCP 
upon ribosome binding (Fig. 6C and movie S3) 
to assume a conformation very similar to that seen 
before in EF-Tu (Fig. 6D) (20). As with EF-Tu, 
the conformation of the activated His*” is stabi- 
lized by hydrogen bonding interactions with 
both A2662 of the SRL and the catalytic water 
molecule poised for hydrolysis of the phosphate 
ester (Fig. 6B). Two Mg” ions uniquely posi- 
tioned by the GAGA tetrad of the SRL stabilize 
the inward conformation of Asp” where it coor- 
dinates a second water molecule above the 
y-phosphate of GDPCP (Fig. 6B). This second 
water could play a further role in catalysis by do- 
nating a hydrogen bond to the y-phosphate O2. 
The structure strongly suggests that the change 
in orientation of Asp~ and His*’ upon EF-G bind- 
ing is part of GTPase activation by the ribosome 
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Fig. 4. Interactions of EF-G with L6, L11, 
and L122. Interactions of EF-G with ribosomal 
proteins L11, L6, and the L12 C-terminal do- 
main (CTD) near the base of the L7/L12 stalk. 
A single CTD of L12 is seen to interact with 
both EF-G and the N-terminal domain of L11 
(far right). 


and that the mechanism of GTP hydrolysis is 
essentially the same for both EF-Tu and EF-G. 

Although the final activated state of EF-Tu 
and that of EF-G GTP are highly similar, in 
EF-Tu the equivalent Asp” has its activated con- 
formation even in the isolated ternary complex. 
Thus, different steps may be required to reach 
the same activated state. Interestingly, the toxin 
ricin depurinates A2660 of the GAGA tetrad. It 
is likely that depurination of A2660 prevents 
the surrounding region from adopting the con- 
formation required to bind the metal ions neces- 
sary to stabilize Asp~* and neighboring regions 
of EF-G in the activated form. EF-Tu does not 
make these interactions, explaining why ricin 
only affects EF-G function (37). 

Although a proposal was made that His*’ 
might be acting as a general base in EF-Tu (20), 
the structure is consistent with an alternate mech- 
anism that was proposed subsequently (2/). In 
this mechanism, the environment of the SRL may 
result in an increase in the acid dissociation con- 
stant (pK,) of His*’ and stabilize the protonated 
state of its Ns, thus enabling His*’ to donate a 
hydrogen bond to the hydrolytic water. The water 
can in tum donate a hydrogen bond to the carbonyl] 
oxygen of Thr™ and to one of the three oxygen 
atoms on the y-phosphate. Under these circum- 
stances, the occurrence of a substrate-promoted 
catalytic mechanism, whereby the y-phosphate 
abstracts a proton from the water molecule to 
generate a hydroxide ion that in turn cleaves the 
phosphate ester, appears feasible. It has also been 
suggested that the role of the histidine is not to 
behave as a donor or acceptor of protons at all, 
but to contribute to an allosteric effect that re- 
sults in stabilization of the transition state by the 
general electrostatic effect of the P loop (23). 
This scenario is compatible with the observation 
that in EF-G-2, a ribosome-activated GTPase 
that can substitute for EF-G in polyU-directed 
protein synthesis in vitro (/2), the histidine and 
aspartate have been replaced by tyrosine and 
glycine, respectively (Fig. 6A). 


Discussion 


The structure sheds light on the GTPase mech- 
anism of EF-G and on its role in translocation. 
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Fig. 5. Conformational changes in EF-G during translocation. (A) Comparison of isolated EF-G 
structure (light blue; PDB code 2BV3) (36) with EF-G in this study (red). (B) Comparison of EF-G in 
this study (red) with that in the posttranslocated state (gray; PDB code 2WRI) (25) reveals an 
interdomain rotation about domain III leading to changes in the orientation of domain IV. Inset (right) 
shows that in the GDPCP-bound EF-G (this study), switch | forms a 319 helix that stabilizes helix B3 in 


an altered conformation. 


Globally, a distinctive feature is that the interac- 
tions of the L1 stalk with the P/E tRNA appear to 
be the same as those with the posttranslocational 
E-site tRNA (25), implying that the interactions 
are preserved throughout translocation, as previ- 
ously suggested (33). This also suggests that the 
stabilization of the closed conformation of the L1 
stalk through its interaction with the P/E tRNA is 
an essential feature of translocation through the 
stabilization of hybrid states. 

Another large-scale movement is the swivel- 
ing of the head, which is required to open a con- 
striction that allows passage of the P-site tRNA 
to the E site in the 30S subunit (/3, 38). It has 
previously been suggested that spectinomycin, 
an antibiotic that inhibits translocation, may act 
by inhibiting the movement of the head by bind- 
ing to a crucial hinge point (39, 40). Our struc- 
ture shows that in the rotated state, the swivel 


angle of the head would cause a steric clash 
with spectinomycin, thus supporting this idea. 

Notably, key residues in EF-Tu and EF-G 
change conformation in different ways upon 
binding to very different states of the ribosome 
to form a nearly identical catalytic site (Fig. 6D), 
suggesting a common mechanism for activation 
of translational GTPases by the ribosome. This 
mechanism also implies that the SRL plays a cru- 
cial role in stabilizing key residues of the cata- 
lytic site in their activated conformations, which 
would be in keeping with their very high degree 
of conservation. 

Recently, lethal mutations in the SRL were 
found not to affect GTP hydrolysis (4/), sug- 
gesting that the SRL does not play a direct 
role in stabilizing the transition state for GTP 
hydrolysis. However, the interactions with the 
SRL occur via phosphate backbone interactions 
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Fig. 6. The active site of EF-G. (A) Sequence alignment of G domains from 
several translational GTPases shows conservation of residues Asp~, Lys”, and 
His®’, except in EF-G-2. 7. thermophilus, Thermus thermophilus; E. coli, Esch- 
erichia coli; and S. cerevisiae, Saccharomyces cerevisiae. (B) Details of the 
catalytic site around the y-phosphate of GDPCP (blue) with relevant distances 
displayed as dashes. EF-G residues and waters are in red, Mg** ions are in 
green, and residues of the SRL are in cyan. (C) Comparison of the active site of 
isolated EF-G with GDPNP (light blue; PDB code 2BV3) (36), EF-G with GDPCP 


in this structure (red), and EF-G in the GDP posttranslocated state (gray; PDB code 
2WRI) (25) shows that His®” and Asp** move toward the y-phosphate of GDPCP 
(blue) on ribosome binding and away from it upon GTP hydrolysis. (D) Similarity of 
the activated catalytic sites of EF-G (red; this structure) and EF-Tu (gray; PDB code 
2XQD) (20), suggesting a common mechanism of GTPase activation for the two 
factors. Abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; 
D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; 
Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 


rather than specific bases, so it is possible that in 
these mutant ribosomes, other nucleotides of the 
mutated SRL play the role of key residues in the 
wild-type ribosome. 

In contrast to EF-Tu and EF-G, the catalytic 
site of RF3 on the ribosome appears different; 
the histidine is far from the y-phosphate of GTP 
and makes different interactions with the SRL 
(24). It is therefore possible that the GTPase 
mechanism for RF3 is different or that the 
structure, which lacks the expected P/E tRNA, 
does not represent the GTPase-activated state 
of RF3. 

The structure reported here offers some clues 
into how conformational changes associated with 
GTP hydrolysis could facilitate translocation. 
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GTP hydrolysis results in changes in switch I, 
switch II, and P-loop regions that form an inter- 
face between the ribosome, domain III, and 
GTP. These changes in switch I and II may be 
communicated to domain III and cause the large 
movements of the helices that serve to bridge 
the I-II and III-V superdomains (Fig. 5). This 
would account for the relative change in the 
orientation of these superdomains upon GTP 
hydrolysis (Fig. 5). Deletion of domain III de- 
creases EF-G activity 10°-fold on the ribosome 
(42), supporting the notion that this region may 
couple GTP hydrolysis to the interdomain move- 
ments that allow domain IV to adopt the favored 
conformation of the posttranslocational state. 
Such a conformation may be adopted after tRNA 


translocation has occurred transiently, allowing 
domain IV to enter the A site and prevent a 
reversal of translocation. Details of the mecha- 
nism of action of EF-G will require concerted 
studies by many complementary techniques. 

In conclusion, this work provides an atomic 
model of EF-G bound to the ribosome in a ro- 
tated state before GTP hydrolysis. It has enabled 
a complete description of the inward movement 
of the L1 stalk, stabilization of the P/E tRNA, 
and conformational changes in EF-G that are the 
key steps in facilitating translocation. GTP hy- 
drolysis leads to a series of changes in the switch 
I, switch II, and P-loop regions of EF-G, which 
result in an interdomain reorientation about do- 
main III that is expected to promote translocation 
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of any tRNA bound at the ribosomal A site. Local 
conformational changes at the GTP-binding site 
of EF-G have implicated key residues Asp”, 
Lys’, and His*’ in GTPase activation, whose 
precise roles can be tested by biochemical and 
mutagenesis experiments. Finally, despite their 
action on conformationally very different states 
of the elongating ribosome, the structure sup- 
ports a common mechanism of GTP hydrolysis 
by both EF-G and EF-Tu. 


Materials and Methods 


Full-length EF-G, tRNA"®, and ribosomes from 
Thermus thermophilus harboring a C-terminal trun- 
cation of protein L9 were prepared as previously 
described (25, 37). mRNA with the sequence 5'- 
GGCAAGGAGGUAAAAAUGUUCAAAA-3’ 
was purchased from Dharmcon (Thermo Sci- 
entific), where the phenylalanine codon in the 
P site is underlined. 

Ribosomes (4.0 uM) and mRNA (8.0 uM) 
were incubated at 55°C for 6 min before addition 
of tRNA?"* (16.0 1M) and a further incubation at 
55°C for 20 min. Separately, EF-G (20.0 uM) 
was incubated with GDPCP (6.0 mM) for 20 min 
at 37°C and mixed with the ribosome complex 
for a final incubation at 37°C for 20 min in 
buffer G [50 mM KCl, 10 mM NH,Cl, 10 mM 
Mg-acetate, 5 mM HEPES (pH 7.5)]. Immediately 
before crystallization, the detergent HEGA-9 was 
added (46 mM). All concentrations refer to the 
final values in the sample. Typical total sample 
volumes used for crystallization experiments did 
not exceed 500 ul. 

Crystals were grown by streak seeding and 
vapor diffusion in sitting-drop trays by mixing 
3 ul of sample with 3 ul of reservoir solution 
[100 mM MES (pH 6.3), 75 mM KCl, 6.0 to 
6.5% (w/v) polyethylene glycol (PEG) molecu- 
lar weight 20,000 (20K)]. Crystals of plate mor- 
phology grew to full size (~200 um by 100 um 
by 50 um) over a period of 3 weeks and were 
cryoprotected in a stepwise fashion by sequentially 
increasing the concentrations of PEG 20K and 
PEG 400 in the crystallization buffer to 6.8 and 
30%, respectively, while maintaining the concen- 
tration of other components. Crystals were plunged 
into liquid nitrogen and stored until data collection. 

Two independently complete sets of data 
were collected from single crystals on beam line 
ID 14-4 at the European Synchrotron Radiation 
Facility (43) and on beam line 104 at the Diam- 
ond Light Source, Harwell, United Kingdom, 
respectively. Data were integrated, merged, and 
scaled using XDS (44) and found to be con- 
sistent with space group P2, and unit cell dimen- 
sions a = 201.58 A, b = 241.65 A, c= 305.80 A 
and B = 99.48°. 

Molecular replacement was performed with 
MOLREP (45) in two stages, first with the 50S 
subunit of the 70S 7. thermophilus structure (31) 
as a search model, followed by inclusion of the 
30S. The solution showed a single ribosome in 
the asymmetric unit in the fully rotated confor- 
mation. Refinement was carried out in alternat- 


1235490-6 


ing cycles of automated refinements with either 
PHENIX (46) or REFMACS (47), with manual 
refinement and model building in COOT (48). 
A summary of refinement and data collection 
statistics is displayed in Table 1. All figures were 
generated with PyMOL (49) or Jalview for se- 
quence alignments (50). 
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Crystal Structures of EF-G—Ribosome 
Complexes Trapped in Intermediate 
States of Translocation 


Jie Zhou, Laura Lancaster, John Paul Donohue, Harry F. Noller* 


Introduction: One of the most critical and complex steps of protein synthesis is the coupled trans- 
location of messenger RNA and transfer RNAs (mRNA and tRNAs) through the ribosome, catalyzed 
by the guanosine triphosphatase (GTPase) elongation factor EF-G. Although several of the main 
steps have been identified, the underlying molecular mechanisms of translocation are poorly under- 
stood. A central question is how structural rearrangements in the ribosome are coupled to movement 
of mRNA and tRNA. 


Methods: We trapped and crystallized complexes of Thermus thermophilus ribosomes bound with 
EF-G, mRNA, and tRNA, using the antibiotic fusidic acid (which prevents release of EF-G after GTP 
hydrolysis) or the nonhydrolyzable GTP analog GDPNP, in intermediate states of translocation. Their 
crystal structures were determined to resolutions from 3.5 to 4.1 A. 


Results: The structures of the fusidic acid complex (Fus) and two GDPNP complexes (GDPNP-I and 
GDPNP-II) reveal conformational changes occurring during intermediate states of translocation, 
including large-scale (15° to 18°) rotation of the 30S subunit head and 3° to 5° rotation of the 30S 
body. In all complexes, the tRNA acceptor end has moved from the 505 subunit P site to the 505 E 
site, while the anticodon stem loop (ASL) and mRNA move with the head of the 30S subunit to posi- 
tions between the P and E sites, forming chimeric pe*/E intermediate states. The elongated, mobile 
domain IV of EF-G moves to contact the head of the 30S subunit and the backbone of the mRNA. 
Two universally conserved bases of 165 rRNA that intercalate between bases of the mRNA may act as 
“pawls” of a translocational ratchet. In the GDPNP complexes, structuring of the conserved switch 
loop | segment, which was disordered in previous structures, completes the cage that encloses 
GDPNP and fixes the relative geometry of EF-G domains |, Ill, and V. In the Fus complex, the position 
of fusidic acid overlaps that of switch loop I, stabilizing contacts between domains | and III that are 
normally made by the structured switch loop. 


Discussion: Our structures capture intermedi- 
ate states of the rate-limiting step of transloca- 
tion, in which movement of the tRNA ASL and 
mRNA is coupled to rotational movement of the 
30S subunit head. Slippage of the translational 
reading frame during reverse rotation of the 
head during translocation may be prevented by 
intercalation of bases C1397 and A1503 of 16S 
rRNA, which project from the body of the 305 
subunit, between mRNA bases. The antibiotic 
fusidic acid appears to stabilize binding of EF-G 
to the ribosome in the GDP state by mimicking 
the structure of the conserved core of switch 
loop | of EF-G in the GTP state. 


EF-G-catalyzed translocation. Overall view of the 
positions of mRNA (green) and tRNA bound in the 
classical P/P (blue), hybrid P/E (cyan), chimeric pe*/E 
(red), and classical E/E (gray) states in the ribosome 
(transparently rendered). The position of elongation 
factor EF-G (orange) bound to the ribosome in an 
intermediate state of translocation trapped with the 
nonhydrolyzable GTP analog GDPNP is shown. 
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Fig. 1. Structures of trapped 705 ribosome— 
EF-G complexes. 


Fig. 2. Movement of tRNA from the P/P to the 
pe*/E state. 


Fig. 3. Flexing of tRNA during translocation. 


Fig. 4. Interactions of mRNA with the 30S 
subunit. 


Fig. 5. EF-G interactions and dynamics. 


Fig. 6. Structuring of switch loop I. 
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Crystal Structures of EF-G—Ribosome 
Complexes Trapped in Intermediate 
States of Translocation 


Jie Zhou, Laura Lancaster, John Paul Donohue, Harry F. Noller* 


Translocation of messenger and transfer RNA (mRNA and tRNA) through the ribosome is a 
crucial step in protein synthesis, whose mechanism is not yet understood. The crystal structures 
of three Thermus ribosome-tRNA-mRNA-—EF-G complexes trapped with B,y-imidoguanosine 

5 -triphosphate (GDPNP) or fusidic acid reveal conformational changes occurring during 
intermediate states of translocation, including large-scale rotation of the 30S subunit head 

and body. In all complexes, the tRNA acceptor ends occupy the 50S subunit E site, while their 
anticodon stem loops move with the head of the 305 subunit to positions between the P and E 
sites, forming chimeric intermediate states. Two universally conserved bases of 165 ribosomal 
RNA that intercalate between bases of the mRNA may act as “pawls” of a translocational ratchet. 
These findings provide new insights into the molecular mechanism of ribosomal translocation. 


ne of the most critical and complex steps 
(): protein synthesis is the coupled trans- 

location of mRNA and tRNAs through 
the ribosome, catalyzed by the guanosine triphos- 
phatase (GTPase) elongation factor EF-G. Although 
several of the main steps have been identified, the 
underlying molecular mechanisms of transloca- 
tion are poorly understood. Immediately after pep- 
tide bond formation, the A (aminoacyl-tRNA) 
site is occupied by the newly extended peptidyl- 
tRNA and the P (peptidyl-tRNA) site by a de- 
acylated tRNA. In the first step of translocation, 
the acceptor end of the deacylated tRNA moves 
into the 50S subunit E (exit) site, forming the P/E 
hybrid state, and the acceptor end of the peptidyl- 
tRNA moves into the 50S P site, forming the A/P 
hybrid state (/, 2). The formation of hybrid states 
can occur spontaneously and reversibly in vitro 
(, 3, 4) and is correlated with intersubunit ro- 
tational movement (4—6). Although this step can 
proceed in the absence of EF-G or guanosine 
triphosphate (GTP), the observation that EF-G 
favors the formation of hybrid states (5) suggests 
that it is catalyzed by EF-G in vivo. Translocation 
is completed when the anticodon stem loops (ASLs) 
of the tRNAs move from the 305 A and P sites to 
the P and E sites, respectively, coupled to move- 
ment of their associated mRNA codons. The lat- 
ter step is rate-limiting (7) and is strongly dependent 
on EF-G. There is increasing evidence that it is 
coupled to a rotational movement of the head of 
the small subunit (S—//). 

Although several cryoelectron microscopy 
(cryo-EM) reconstructions of EF-G—ribosome 
complexes have been determined (8, 2-14), un- 
til now only a single crystal structure has been 
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reported, for a posttranslocation complex in which 
EF-G was trapped on the ribosome with fusidic 
acid in the nonrotated state (/5). Here, we de- 
scribe crystal structures for three ribosome com- 
plexes containing EF-G, mRNA, and tRNA trapped 
in intermediate states in which the 30S subunit 
head undergoes large-scale (15° to 18°) intrasub- 
unit rotations and the 30S body undergoes smaller 
(3° to 5°) intersubunit rotations. Our findings pro- 
vide insights into the molecular mechanisms of 
EF-G-catalyzed translocation. 


Results 


EF-G—Dependent Structural Changes 
in the Ribosome 


Ribosomes from Thermus thermophilus were co- 
crystallized with the 27-nucleotide mv27 mRNA, 
elongator tRNA“, and EF-G in the presence 
of GTP and the antibiotic fusidic acid, which 
allows GTP hydrolysis but prevents release of 
EF-G (/6), or with EF-G and B,y-imidoguanosine 
5’-triphosphate (GDPNP), a nonhydrolyzable ana- 
log of GTP. Crystals of the fusidic acid complex 
(Fus) diffracted to 3.6 A; those of the two other 
complexes, GDPNP-I and GDPNP-IL, which crys- 
tallized under slightly different conditions, dif- 
fracted to 3.5 A and 4.1 A, respectively (table $1). 
The most notable structural change is a large-scale 
counterclockwise rotation of the 30.5 head domain 
by 15° (Fus and GDPNP-I) or 18° (GDPNP-ID) rel- 
ative to the classical-state ribosome (/7), around 
an axis roughly parallel to the long axis of the 
subunit (Fig. 1, C to E). This is accompanied by 
smaller 3° (Fus and GDPNP-I) or 5° (GDPNP-II) 
counterclockwise rotations of the 30S body rel- 
ative to the 50S subunit. These rotational movements 
resemble those observed for an EF-G-ribosome 
cryo-EM reconstruction (8) and for an RF3- 
ribosome crystal structure (/8). Additional large- 
scale changes include a 14 A inward movement 
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of the 50S subunit L1 stalk to contact the elbow of 
the tRNA (fig. S1) and a 12 A inward movement 
of the L11 stalk to avoid clash with its contact 
site on domain V of EF-G. Rotation of the 30S 
head results in 25 to 30 A displacements of the 
contacts forming intersubunit bridge Bla between 
30S protein S13 and the A-site finger (helix H38 
of 23S rRNA), resulting in the formation of a new 
bridge with protein S19 and an 11 A upward move- 
ment of H38 in the Fus and GDPNP-I com- 
plexes; in the GDPNP-II complex, this increases 
to 14 A because of greater rotation of the 30S head. 


Trapping of tRNA in the Chimeric 
pe*/E Intermediate State of Translocation 


Binding of EF-G to the ribosome with either 
GTP and fusidic acid or as a GDPNP complex, 
under the conditions of complex formation and 
crystallization, results in movement of the tRNA 
from its initial binding state in the classical P site 
(P/P state) into new binding states. During ro- 
tation of the head of the 30S subunit, the P-site 
contacts between the ASL and the head (/9, 20) 
are maintained, while those between the ASL and 
the 30S body and platform are disrupted. In the 
classical-state ribosome, a 14 A constriction be- 
tween nucleotides 790 in the platform and 1340 
in the head blocks movement of the ASL be- 
tween the 30S P and E sites (2/). Rotation of the 
305 head widens this gap to 22 A in the Fus and 
GDPNP-I complexes and to 24 A in GDPNP-II, 
allowing sufficient room for the ASL to move 
between the P and E sites (Fig. 2). The ASL pre- 
cisely follows the rotational movement of the 30S 
subunit head, placing it midway between the po- 
sitions of the classical P and E sites (Fig. 2). The 
positions of the ASLs in the Fus and GDPNP-I 
complexes superimpose closely, whereas the ASL 
in GDPNP-II is displaced further toward the E 
site. Interactions between tRNA and the 50S sub- 
unit are similar to the E-site interactions observed 
for tRNA bound in the classical E/E and hybrid 
P/E states (fig. S1) (19, 20). Because the ASL is 
simultaneously bound to P-site elements of the 
30S head and to features that lie between the P 
and E sites of the 30S body and platform, we 
refer to this new state as a chimeric pe*/E hybrid 
state. Repositioning of the tRNA is promoted not 
only by structural changes in the ribosome but 
also by conformational changes in the tRNA it- 
self. We imagine that the pe*/E state represents 
an intermediate between the P/E and E/E states. 
Aligning the structures of tRNAs bound in 
these three states on their ASLs (Fig. 3) shows 
that the body of the E/E tRNA bends downward 
and sideways toward the P site, relative to the P/E 
tRNA (Fig. 3, A and D). The pe*/E tRNA closely 
matches the downward bend of the E/E tRNA 
(Fig. 3, C and F), but with a sideways bend half 
the magnitude of that of the E/E tRNA, consistent 
with its intermediate state of translocation. The 
main position of flexing of the tRNAs is localized 
to the junction between their D and anticodon 
stems at the noncanonical 26-44 base pair, as has 


1236086-1 


Downloaded from www.sciencemag.org on June 27, 2013 


Wl RESEARCH ARTICLE 


been seen for kinking of the A/T-state tRNA in 
the EF-Tu ternary complex during tRNA selec- 
tion (22, 23). These findings provide further evi- 
dence that tRNA does not transit the ribosome as 
a rigid body during protein synthesis, but rather 
exhibits considerable flexibility. 


mRNA Interactions 


Well-resolved electron density allowed fitting of 
23 of the 27 nucleotides of the mv27 mRNA in 


Fig. 1. Structures of trapped 705 ribosome—EF-G complexes. (A and B) 
Overall views of (A) the nonrotated 70S—EF-G—post complex (15) and (B) 
the Fus 70S—EF-G complex with tRNA bound in the pe*/E state. (C to E) Inter- 
face views showing 305 subunit body and head rotation in (C) the EF-G—post 
state (15), (D) the GDPNP-I and Fus complex, and (E) the GDPNP-II complex. 
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the GDPNP-I and Fus complexes (Fig. 4 and 
figs. S2 and S3). The path of the mRNA and its 
contacts with the 30S' body and platform (which 
serve as static reference points for mRNA move- 
ment) in the Fus complex (fig. S11) can be com- 
pared with those of a mRNA from a previously 
determined structure of a complex containing tRNAs 
bound in classical states (Fig. 4) (/7). In the classical- 
state complex, protein S11 contacts the mRNA 
upstream from the E site at positions -6 and —7 


Fus 


| mRNA +2 
Gly502 
mRNA +4 


tRNA; orange, EF-G. 


(where position +1 is defined as the 5’ nucleotide 
of the P-site codon in the initially formed com- 
plex); in the EF-G—Fus complex, the correspond- 
ing contacts are made with positions —3 and -4, 
respectively, indicating a displacement of the 
mRNA by three nucleotides, or one codon. Using 
another landmark, 16S nucleotide U1498 packs 
against riboses +1 and +2 of the mRNA in the 
classical complex; in the Fus and GDPNP-I com- 
plexes, U1498 packs against ribose +4 and 


mRNA +2 


-_ 


(F to H) Close-up views of EF-G domain IV interactions with the 30S subunit 
head in (F) the EF-G—post complex (15), (G) the GDPNP-I and Fus complex, 
and (H) the GDPNP-II complex. Cyan, 165 rRNA; blue, 30S proteins; gray, 235 
rRNA; magenta, 50S proteins; green, mRNA; red, P/P or pe*/E tRNA; yellow, E/E 
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phosphate +5, corresponding again to translo- 
cation of nearly three nucleotides, or one codon. 
However, calibration against G926 gives a smaller 
displacement; in the classical complex, G926 forms 
hydrogen bonds with phosphate +1, whereas in 
the EF-G—-Fus complex, it interacts with phosphate 
+3. This net displacement of the mRNA by about 
two nucleotides in the EF-G—Fus complex ex- 
tends through the downstream region to position 
+11, while upstream of the P site, the mRNA 
translocates by about three nucleotides, or one full 
codon. This difference may be due to flexibility 
in the downstream part of the mRNA chain caused 
by the sparse downstream contacts resulting from 


Fig. 2. Movement of tRNA 
from the P/P to the pe*/E state. AV 
(A) Electron density map (2F 4; — 

F.ai) contoured at 1.56 for pe*/E 

tRNA from the Fus complex. (B) 
Superimposition of tRNA posi- 

tions for the P/P (blue), E/E (gray), 

and pe*/E states from the Fus 

(red) and GDPNP-II (pink) com- 
plexes, aligned on the 235 rRNAs 

from each complex. The pe*/E 
tRNAs move from the P site to 
positions midway between the 

P and E sites. (C) Positions of the 

ASLs of tRNA in the Fus (red) D 
and GDPNP-II (pink) pe*/E states 
compared with those of the clas- 
sical P/P (blue) and E/E (gray) 
(17) and hybrid-state P/E (yel- 
low) (6) tRNAs, aligned on the 
30S subunit body. (D) Interac- 
tions of (left) a P/P classical-state 
ASL (17) and (right) the pe*/E 
ASL from the 70S—EF-G Fus com- 
plex with the 30S subunit. The 
15° rotation of the 305 subunit 
head in the EF-G opens the con- 
striction blocking passage of the 
tRNA from the P site to the E 
site from 14 A to 22 A, allow- 
ing translocation. (E) Side views 
of the complexes shown in (D). 
Rotation of the head moves the 
tRNA ASL away from its contacts 
with C1400 and A790 in the 
body and platform as it trans- 
locates into the pe*/E state. 
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a vacant A site. Codon-anticodon base pairing is 
disrupted in the Fus and GDPNP-I complexes; 
however, pairing with the first two codon bases is 
retained in the GDPNP-II complex (fig. S4). 

An important question concerning the mechan- 
ics of translocation is how the translational read- 
ing frame is maintained. Slippage of the reading 
frame will occur if the movements of mRNA and 
tRNAs are not precisely synchronized, resulting 
in translation of a stream of incorrect codons and, 
most likely, an out-of-frame termination codon 
that risks creating a dominant, toxic product. 
Of potential relevance to this question is the 
intercalation of two bases from 16S rRNA be- 
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tween bases at two positions of the mRNA (Fig. 4 
and fig. S5). In the Fus and GDPNP-I complexes, 
C1397 stacks on A+10 (Fig. 4), partially inter- 
calating between bases +9 and +10; it is not clear 
whether this interaction occurs in the GDPNP-II 
complex because of disorder in this region of its 
mRNA. Intercalation of C1397 was also observed 
in a termination complex formed with release fac- 
tor RF2 (24). Previously unreported is the inter- 
calation of A1503 between positions —1 and —2 
(Fig. 4), which is observed in all three complexes. 
These interactions would block mRNA movement 
in either the forward or reverse direction. We pro- 
pose that they act as “pawls” of a translocational 
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ratchet to prevent reversal of the movement of the 
mRNA chain during translocation. In the classical- 
state complex (/7), where both the extended 
structure of the mRNA and bases 1397 and 1503 
are well resolved, both bases are retracted from 
their intercalated conformations, a state that would 
permit mRNA movement; in the state observed for 
our EF-G-containing complexes, their intercalation 
would lock the register of the mRNA, preventing 
slippage of the translational reading frame. At some 
point prior to the next round of translocation, the 
bases would need to retract from their intercalated 
state to allow mRNA movement. The universal 
conservation of bases 1397 and 1503, from bacteria 
to archaea to eukarya, is consistent with such a 
critical role. Both bases project from the tips of 
conserved, compact, tertiary hairpin-like struc- 
tures that seem optimized to facilitate intercala- 
tion (Fig. 4, C and D). Moreover, the two hairpins 
are connected by a conserved, tertiary Watson- 
Crick base pair between C1399 and G1504, which 
suggests that their movements could be coor- 
dinated during translocation. 


Structuring of Switch Loop | of EF-G 


EF-G is bound in the subunit interface of the ribo- 
some, where its domain I binds to the sarcin-ricin 
loop (SRL) (fig. S8) and protein L6 of the 505 
subunit, domains II and III bind to 16S rRNA 
helices h5 and h15 and protein S12 in the 30S 


Fig. 3. Flexing of tRNA during trans- 
location. (A and D) Comparison of the 
conformations of tRNA in the hybrid P/E 
and classical E/E states, aligned on their 
respective ASLs. (B and E) Comparison 
of the conformations of tRNA in the chi- 
meric pe*/E and P/E states, aligned on 
their respective ASLs. (C and F) Compar- 
ison of the conformations of tRNA in the 
pe*/E and E/E states, aligned on their 
respective ASLs. The main site of flexing 
is localized to the noncanonical base pair 
at positions 26 to 42, between the D and 
anticodon stems. The P/E and E/E struc- 
tures are from (6, 15). 
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subunit, domain IV binds to the mRNA and helix 
h34 in the 30S subunit, and domain V binds to 
the L11 stalk of the 50S subunit (Fig. 5, A and B). 
In all previous structures of EF-G, the switch loop 
I region (25) was disordered. This functionally 
important feature of EF-G (residues 40 to 67 
in 7. thermophilus EF-G) is now well resolved in 
the GDPNP-I complex, revealing its contacts with 
other regions of EF-G, with the ribosome, and 
with GDPNP (Fig. 6). Structuring of the con- 
served core of switch loop I (positions 59 to 67 in 
T. thermophilus EF-G) completes the cage that 
encloses GDPNP and fixes its position with a 
network of hydrogen-bonded and van der Waals 
interactions (Fig. 6B). Arg®! in switch loop I in- 
teracts with the phosphate of G2663 in the SRL, 
while Thr™ contacts the B- and y-phosphates of 
GDPNP via a coordinated magnesium ion. The 
NKXD motif (residues 137 to 140) interacts with 
the guanosine end, and the phosphate-binding 
loop (residues 20 to 27) wraps around the tri- 
phosphate end of the nucleotide cofactor (Fig. 6B). 
The position of the conserved His*’ in switch 
loop II does not allow it to act as a general base, 
as in a previously proposed universal mechanism 
for the GTPase reaction (26) (fig. S9). Structuring 
of switch loop I appears to fix the relative ge- 
ometry of domains IJ, II, and V through contacts 
with domain III. Comparison with the crystal struc- 
ture of EF-G-GDP in its free form (27), whose 
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switch loop I is unstructured, shows rearrange- 
ment of domains III and V relative to domain I 
(Fig. 6, E and F). In the GDP form, contacts be- 
tween domain III and the 30S subunit, and be- 
tween domain V and the L11 stalk, are disrupted, 
likely causing release of EF-G from the ribo- 
some. The position of fusidic acid in the Fus 
complex overlaps that of residues 63 to 66 in the 
conserved core of switch loop I, mimicking the 
stabilizing contacts between domains | and III 
made by the structured switch loop (Fig. 6, C and 
D). This finding explains how fusidic acid stabil- 
izes a conformation virtually identical to that of 
the GDPNP-I complex, allowing EF-G to bind 
stably to the ribosome in the presence of GDP. 
Comparison of the folds of the crystal struc- 
tures of the four different translational G proteins 
in which switch loop I is ordered shows that al- 
though the conserved core of switch loop I (resi- 
dues 59 to 67) is positioned similarly in all four 
cases, the N-terminal folds of the switch loop 
(residues 40 to 58) diverge into two classes (fig. 
$10). In one class, which includes EF-G and 
EF-Tu (26), the N-terminal region of the loop 
continues in the direction of the al helix, then 
loops back toward the B-phosphate of GDPNP, 
where it joins the conserved core. The other class 
comprises EF-G-2 (28) and RF3 (/8), in which 
the loop runs parallel to the a1 helix and then 
forms a complex fold that packs against GDPNP 
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before joining the conserved core. The crystal struc- 
ture of free EF-G-2—GTP was fitted to the electron 
density for EF-G from a cryo-EM reconstruction 
of an EF-G-ribosome complex (28). However, 
the resulting interdomain geometry for EF-G-2 
differs from that of the EF-G structures, particu- 
larly for domain III, which is shifted by as much 
as 9 A relative to that seen in GDPNP-I. Details 
of the interactions between the C-terminal do- 
main (CTD) of protein L12 and the G’ domain of 
EF-G, which are believed to be important for 
recruiting EF-G to the ribosome and for stimulat- 
ing GTP hydrolysis (29, 30), can be visualized in 
both the Fus and GDPNP-I complexes (Fig. 5, A 
and B, and fig. S6). These involve residues Ala®”, 
Lys”', Thr®’, Lys*’, and Lys” of the CTD with 
Lys?!>, Glu?!8, Asp**’, Tyr??!, and Val?*? of the 
G’ domain, the majority of which are universally 
conserved. 


Interdomain Movement in EF-G 


Comparison of the different structures of EF-G in 
its ribosome-bound state shows that the largest 
conformational changes occur in domains III and 
IV, between the EF-G—post complex (/5) and the 
Fus and GDPNP-I complexes. Domain IV moves 


A 


A1503 


upward toward the head of the 30S subunit by 
~6 A and domain III by ~3 A (Fig. 1G, Fig. 5C, 
and fig. $7). At the tip of domain IV, the loop 
containing the conserved Gly°™ moves by ~5 A 
between the post and GDPNP-I and Fus struc- 
tures, as its contact with the mRNA backbone 
switches from position +2 to +4 (Fig. 1, F and G). 
Although the largest displacement of domain IV 
in the ribosome is seen in the GDPNP-II com- 
plex, this is mainly a result of the overall rota- 
tional movement of EF-G relative to the ribosome, 
rather than internal movement of the EF-G mol- 
ecule. In the GDPNP-II complex, 23.5 rRNA fea- 
tures that contact EF-G (including the SRL, the 
L11 stalk, and H89) move by 2 to 4 A in concert 
with movement of EF-G, which follows the in- 
creased intersubunit rotation of the 30S subunit; 
on the 30S side, this results in shifting of contacts 
between domain III of EF-G and protein S12. 
Rotation of the 30S subunit head and body in 
the GDPNP-II complex brings the tip of domain 
IV into contact with helix 34 of 16S rRNA in the 
GDPNP-II complex, as observed previously by 
cryo-EM (8), where the backbone oxygens of 
Val? and the universally conserved Gly**! form 
hydrogen bonds with ribose 1209 of 16S rRNA, 
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and the side chain of Glu” forms hydrogen 
bonds with ribose 1052 (Fig. 1H). This interac- 
tion appears to participate in fixing the position of 
the head of the 30S subunit in the rotational state 
observed for the GDPNP-II complex. Finally, the 
side chains of Glu”, Ser? 78 and Argo form 
hydrogen bonds with nucleotides 1492, 1493, and 
1494, respectively. 


Discussion 


In the absence of continuous rotary motion (3/) 
(which is unlikely for an asymmetric structure 
such as the ribosome), translocation of mRNA 
and tRNA through the ribosome must be based 
on some kind of ratchet mechanism, as was 
realized many decades ago (32). Intersubunit ro- 
tational movement, which is coupled to the forma- 
tion of hybrid states, has been termed “ratcheting” 
(4, 6, 12, 33-35); however, ribosomes containing 
bound tRNAs have been observed to undergo 
spontaneous, reversible, back-and-forth intersub- 
unit rotation in the absence of EF-G or GTP (3), 
unlike the behavior of a true ratchet. Moreover, 
the step of translocation that is critically depen- 
dent on catalysis by EF-G is the movement of 
mRNA, coupled to that of the tRNA ASLs, on 


pe*-tRNA 


EF-G 


C1397 


Fig. 4. Interactions of mRNA with the 305 subunit. (A) mRNA bound to a 
classical-state 705 ribosome (17). (B) mRNA bound to the Fus complex with 
EF-G and pe*/E tRNA. The positions of proteins $3, S11, and $18 are shown as 
blue transparent molecular surfaces. Also shown are the positions of EF-G; the 
anticodon stem loops of EF-G, P-tRNA, E-tRNA, and pe*/E tRNA; and the Shine- 
Dalgarno helix (S/D). Elements of 165 rRNA are shown in cyan. The A-, P-, and 
E-site codons for the mRNAs during complex formation are shown in yellow, 
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orange, and red, respectively. The mRNAs are numbered with +1 correspond- 
ing to the 5’ nucleotide of the P-site codon. (C and D) The conformations of the 
tertiary hairpin-like structures containing the intercalating bases C1397 and 
A1503 (shown in red) in (C) the classical-state ribosome and (D) the 70S—EF-G 
Fus complex. The structures of these features in the GDPNP-I and GDPNP-II 
complexes are similar to those of the Fus complex. The universally conserved 
C1399-G1504 base pair is shown in dark blue. 
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the 30S subunit (/, 7). In a cryo-EM reconstruc- 
tion of fusidic acid—trapped EF-G complexes, 
Spahn and co-workers resolved a previously un- 
observed subpopulation of particles in which ro- 
tation of the 30S subunit head was accompanied 
by movement of the ASL of a P-site tRNA into a 
novel intermediate state (8). Because the tRNA 
maintained contact with the Psite on the 30S head 
and simultaneously established interaction with 
the E site on the 30S platform, they termed this 
the “pe/E” hybrid state. In our crystal structures, 
head rotation in the three different trapped EF-G 
complexes results in movement of the ASLs to 
positions midway between the 30S P and E sites 
(Fig. 2); accordingly, we term these states chi- 
meric pe*/E hybrid states. Close comparison with 
the cryo-EM structure (8) shows that the ASL in 
their pe/E state is positioned 5 A farther toward 
the E site from the pe*/E ASL in the GDPNP-I 
and Fus structures, and 2.7 A farther in the 
GDPNP-II structure. The pe/E and pe*/E states 
appear to represent intermediate states between 
the hybrid P/E and classical E/E states, near the 
completion of the EF-G—catalyzed translocation 
of a P-site tRNA. The larger body rotations ob- 
served for some ribosome complexes (6, 18, 36), 
together with the large head rotation observed 
in the GDPNP-II complex, may be sufficient to 
complete the movement of tRNA fully into the 
eventual E/E state, as predicted from the rota- 
tional values observed for a ribosome-RF3 com- 
plex (/8). Finally, our structures suggest that C1397 
and A1503 act as molecular pawls to fix the po- 


Fig. 5. EF-G interactions and 
dynamics. (A) Overall view of 
the position of EF-G on the 50S 
subunit. (B) Detailed view of the 
contact surface between the G’ 
domain of EF-G and the C-terminal 
domain (CTD) of one of the four 
copies of protein L12. The L12 
CTD is shown in magenta in (A) 
and blue in (B). Gray, 235 rRNA; 
magenta, 50S proteins; orange, 
EF-G. (C) Superimposition of EF-G 
from the fusidic acid post com- 
plex (gray) (15) with EF-G from 
the GDPNP-I complex (orange) 
by alignment on their domains 
| shows rearrangements in the 
orientation of domains III and IV. 
(D) Alignment of the same two 
EF-G structures in (C) on their re- 
spective domains IV shows local 
rearrangement of the loop con- 
taining the conserved Gly°”” and 
Gly°©? residues (see Fig. 1, F to H). 
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sition of the mRNA ratchet; we do not know 
whether there are separate pawls to prevent back- 
slippage of tRNA during reverse rotation of the 
30S head, or indeed, whether the movements of 
mRNA and tRNA are coupled simply through 
their codon-anticodon interactions, or instead are 
translocated by separate structural features of the 
translation apparatus, albeit in a coordinated fashion. 


Methods 


Construction of Thermus thermophilus 
Strain HB27_L9d 


The L9 protein-coding region plus an addi- 
tional 1000 nucleotides upstream and 2200 
nucleotides downstream was amplified by poly- 
merase chain reaction (PCR) from Thermus 
thermophilus HB27 genomic DNA with pri- 
mers S5'TTGAATTCTAGACGCCATTT- 
TGGACCTGACCCTCGCCGGTCAGG and 5’ 
TTTCCATTTAAGCTTGGCTTCGCAA- 
CATGGGAGACCCTGGCTAGCCC, which 
add Xba I and Hind III sites to facilitate clon- 
ing. Site-directed mutagenesis (37) with oligo 5’ 
GGAGGGGCCTAAGGGGTTTGCCCCTG- 
CAGCGTTCACCCCCTACTTCCGCACC was 
used to delete the entire L9 protein-coding region 
and replace it with a Pst I restriction site, gen- 
erating plasmid pL9d. The KAT cassette (coding 
for thermostable kanamycin adenyl transferase 
downstream of a T. thermophilus promoter) was 
cut from plasmid pKT1 (38) and ligated into 
the Pst I site of pL9d to generate plasmid 


pL9d_KAT. For unknown reasons, pL9d_KAT 
made E. coli (DHS5alpha) cells very sick, and plas- 
mid prepped from the transformed £. coli strain 
contained a mixture of pL9d and pL9d_KAT. HB27 
cells were transformed with pL9d/pL9d_KAT as 
described (38), plated on ATCC 697 medium plus 
kanamycin (20 pg/ml), and grown at 70°C for 
24 hours. Kanamycin-resistant colonies were 
screened for deletion of L9 by PCR, using prim- 
ers that flank the L9-coding region. Surprisingly, 
we did not detect colonies that contain the KAT 
protein-coding sequence inserted into the ge- 
nome at the L9 position, but instead obtained 
“clean deletions” of L9 in which the genomic copy 
of L9 was replaced with a Pst I restriction site. The 
resulting HB27 L9 deletion strain was only transient- 
ly kanamycin-resistant, and we suspect it arose from 
double transformation with pL9d and pL9d_KAT. 


Purification of Thermus thermophilus EF-G 


Thermus thermophilus EF-G, cloned into pET24b 
(Novagen), was expressed in E. coli strain BLR 
(DE3) by induction with IPTG (1 mM final con- 
centration). Cells were lysed in 25 mM Tris-Cl 
(pH 7.5), 60 mM NH,Cl, 10 mM MgCh, and 
5 mM BME, and ribosomes were removed (pel- 
leted) by centrifugation in a Ti70 (Beckman) 
rotor at 55,000 rpm for 2 hours at 4°C. The 
supematant was heated at 65°C for 20 min to 
denature E. coli proteins, which were removed 
(pelleted) by centrifugation in a JA20 rotor at 
30,000g for 20 min at 4°C. EF-G was purified by 
FPLC chromatography using a 6-ml Resource-Q 
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anion exchange column (Pharmacia) and eluted 
with a 200-ml salt gradient from 60 to 300 mM 
KClin buffer A [25 mM Tris-Cl (pH 7.5), 60 mM 
NH, Cl, and 5 mM BME]. EF-G-—containing fractions 
were concentrated to less than 0.4 ml with an 
Amicon Ultra 15 concentrator (Millipore; 10,000 
molecular weight cutoff), before additional puri- 
fication on a 24-ml Superdex 75 gel filtration 
column (Pharmacia) preequilibrated in buffer A. 
Aliquots were flash-frozen in liquid nitrogen and 
stored at —80°C. 


Ribosome Preparation 


Ribosomes were prepared from 7: thermophilus 
strain HB27_L9d. Cells were resuspended in buf- 


Fig. 6. Structuring of switch 
loop I. (A) EF-G GDPNP-I show- 
ing the path of switch loop | 
(residues 40 to 67), which was A 
disordered in all previous EF-G 
structures. The conserved core 
(residues 59 to 67) is shown 
in blue and the rest of switch 
loop | (residues 40 to 58) in 
magenta. (B) Structure of the 
GDPNP binding pocket, show- 
ing interactions with switch loop 
I (light blue), the guanosine rec- 
ognition motif (cyan), and P loop 
(orange). A magnesium ion co- 
ordinating the B and y phos- 
phates of GDPNP is shown as a 
green sphere. (C) The switch | 
region in the GDPNP-I complex. 
(D) The fusidic acid binding site 
in the Fus complex, in the same 
view as for (C). These views show 
the conserved core of switch 
loop | (blue) and the rest of switch 
loop | (magenta), guanosine rec- 
ognition motif (cyan), phosphate 
binding loop (orange), and switch 
loop 2 (green) and domain III 
contacts (yellow); the components 
are shown with transparent mo- 
lecular surface representations. 
(E) EF-G from the GDPNP-I struc- 
ture containing a structured switch 
loop | (blue, magenta). (F) The 
structure of free EF-G—GDP con- 
taining a disordered switch loop | 
(27) showing movement of do- 
mains III (yellow), IV, and V (cyan). 
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fer B [25 mM Tris-Cl (pH 7.5), 100 mM NH,Cl, 
52.5 mM MgCl, 2.5 mM EDTA, and 5 mM 
BME], lysed, and pelleted through cushions con- 
taining 1.1 M sucrose and buffer B supplemented 
with NH,Cl to 1 M. Ribosomes were purified 
over a Toyopearl Butyl-650S column and eluted 
with a gradient of 0.7 M to 0.2 M ammonium 
sulfate. To remove endogenous tRNA, ribosomes 
were dissociated into subunits by dialysis against 
buffer C [55 mM Tris-Cl (pH 7.5), 100 mM 
NH,Cl, | mM MgCl, and 5 mM BME], then 
pelleted through cushions containing 25% su- 
crose in buffer C. The pellets were resuspended 
in buffer D [20 mM KHepes (pH 7.5), 100 mM 
NH,Cl, 10 mM MgCh, 1 mM spermine, and 5 


EFG GDPNP | 


EFG-GDPNP 


tC 


Asp435 


Arg465 — 
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mM BME] and ribosomes were reassociated by 
heating at 65°C for 5 min before loading onto 
gradients containing 10 to 35% sucrose in buffer 
D. The 70S ribosome peak was collected and the 
ribosomes were pelleted, resuspended in buffer D, 
flash-frozen in liquid nitrogen, and stored at 80°C. 


Complex Formation 

Ribosomes (400 pmol), tR NA-Met (MP Biomed- 
icals; 800 pmol), and mRNA mv27 (GGCAAG- 
GAGGUAAAAAUGGUAAAAAAA,; IDT) 
(1000 pmol) were incubated at 37°C for 30 min 
in 10 mM KHepes (pH 7.5), 100 mM NH,Cl, 5 mM 
MgCl, and 1 mM spermine. EF-G (3000 pmol) 
preincubated for 30 min at 37°C with either GTP 


Asn137 


at 
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plus fusidic acid, or GDPNP, in 10 mM KHepes 
(pH 7.5) and 100 mM NH,Cl was added to the 
ribosome-tRNA complex and incubated at 37°C 
for 15 min. The final conditions were 10 mM KHepes 
(pH 7.5), 100 mM NH,Cl, 1 to 1.5 mM MgCl 
(GDPNP-I and Fus complexes) or 0.5 mM MgCly 
(GDPNP-II complex), 0.5 to 0.8 mM spermine, 
2 mM dithiothreitol, 0.25 mM fusidic acid, and 
0.5 mM GTP, or | mM GDPNP in a total volume 
of 100 wl. In complexes containing viomycin, it 
was added to a final concentration of 0.5 to 1 mM. 
Deoxy Big Chap (Hampton) was added to 0.5 mM 
just before crystallization. 


Crystallization 


Both the EF-G-GDPNP-ribosome-mRNA-tRNA 
and EF-G—GDP-fusidic acid—ribosome-mRNA- 
tRNA complexes were grown via vapor diffu- 
sion in 96-well plates by adding 1 to 2 pl of 
reservoir solution [100 mM Tris (pH 7.0), 200 mM 
KSCN, 2.9% PEG20K, 2.8% PPG P400, 5.1% 
PEGSS0MME) to | to 2 ul of sample. Viomycin- 
containing complexes were crystallized under the 
same conditions. After 10 days at 22°C, crystals 
grew to dimensions of up to 1000 um = 600 um x 
60 um. After slowly adding PEG 400 to a final 
concentration of 25% (v/v) for the GDPNP-I and 
Fus complexes or 20% for the GDPNP-II com- 
plex, the crystals were harvested and flash-frozen 
in liquid nitrogen. 


Crystal Screening and Data Collection 


Crystals were screened at beamline 12-2 at the 
Stanford Synchrotron Radiation Laboratory (SSRL) 
and at beamline 12-3-1 at the Advanced Light 
Source (ALS), Lawrence Berkeley National Labo- 
ratory. Data were collected at beamline 12-3-1 at 
the ALS and at beamline 23ID-D at the Ad- 
vanced Photon Source at Argonne National Lab- 
oratory using 0.3° oscillations. Diffraction data 
were indexed and integrated in XDS (39) and 
scaled in SCALA (40). 


Molecular Replacement, Model Building, 
and Structure Refinement 


The 50S and 30S models from previously pub- 
lished structures (24) were used as initial search 
models for molecular replacement using the pro- 
gram Phaser (4/). Two 70S ribosomes were found 
per asymmetric unit in space group C. Clear 
density was visible in unbiased Fops — Freatc dif 
ference electron density maps for EF-G, mRNA, 
and tRNA in all of the above complexes. Four- 
rigid-body refinements were performed initially 
in Phenix (42), and the refined models were 
subjected to 600-rigid-body refinement and TLS 
group, B group, and B individual minimization 
refinements in Phenix and in CNS (43). 

Models for tRNA, mRNA, EF-G (domain IV 
and switch loop), GDPNP, GDP, and fusidic acid 
were initially built manually in O (44) or Coot 
(45) against simulated-annealing Fy, — Fag omit 
maps calculated in Phenix. The C-terminal do- 
main of L12 was built manually on the basis of a 
previous poly(Ala) model (/5). 
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Inclusion of viomycin improved the resolu- 
tion of EF-G complex crystals, as found previ- 
ously for crystals of RF3-ribosome complexes 
(8). The sole structural differences detected be- 
tween viomycin-containing or viomycin-free struc- 
tures are that 16S rRNA bases A1492 and A1493 
and 23. rRNA base A1913 are flipped out in the 
viomycin complexes while retaining their origi- 
nal positions in the viomycin-free complexes. 
Statistics for the fusidic acid complex crystallized 
in the absence of viomycin are shown in table S1 
for comparison. 
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Control of Ribosomal Subunit Rotation 
by Elongation Factor G 


Arto Pulk and Jamie H. D. Cate* 


Introduction: During protein synthesis, the guanosine triphosphatase (GTPase) elongation factor 
G (EF-G) promotes translocation of messenger RNA (mRNA) and transfer RNA (tRNA) on the ribo- 
some. Translocation requires multiple steps that involve large-scale rearrangements of the ribosome 
that are directed by EF-G. The structural basis for how the GTPase active site in EF-G, composed of 
mobile “switch” elements that coordinate the guanosine 5’-triphosphate (GTP) and positioned by 
the large (50S) ribosomal subunit, connects to events on the small (305) subunit remain unclear at 
a molecular level. 


Methods: Ribosomes from Escherichia coli lacking the C-terminal region of protein L9 were com- 
plexed with EF-G, the nonhydrolyzable GTP analog B,y-methyleneguanosine 5’-triphosphate (GMP- 
PCP), and the antibiotic and translation inhibitor viomycin. Two crystal forms, each containing 
four unique copies of the ribosome/EF-G/GMPPCP complex, along with different stoichiometries of 
bound viomycin, were used to solve eight ribosome structures by molecular replacement using dif- 
fraction data to 3 A resolution. 


Results: Binding of EF-G in the GMPPCP state to the ribosome orders switch elements in the GTPase 
active site that are unfolded in the GDP-bound state. The GTPase switch elements contact the 50S 
subunit in an activated conformation, as seen in ribosome structures with elongation factor Tu (EF- 
Tu) and aminoacyl-tRNA during mRNA codon decoding. Folding of the switch regions also causes 
EF-G to adopt a rigid conformation with many new contacts between domains in the protein that 
form a new hydrophobic core. In the structures, EF-G/GMPPCP binds the ribosome in three different 
states of ribosomal subunit rotation but is more ordered in the intermediate and fully rotated states 
than in the unrotated state. Domain IV of EF-G is positioned in the aminoacyl-tRNA binding site (A 
site) on the small ribosomal subunit, where mRNA decoding occurs, but does not contact the head 
domain of the 30S subunit. 


Discussion: The rigid conformation of EF-G/GMPPCP positions EF-G domain IV in the 30S subunit 
A site, a conformation incompatible with early steps of translocation. This rigid conformation may 
represent the activated GDP +P, form, with EF-G domain IV decoupling tRNA movement from the 305 
subunit platform and allowing the intrinsic dynamics of the 30S subunit head domain to translocate 
tRNAs into the peptidyl and exit sites. After GTP hydrolysis and inorganic phosphate (Pi) dissocia- 
tion, unfolding of the GTPase center in EF-G would release EF-G interdomain contacts in a trajectory 
that matches that of aminoacyl-tRNA release from EF-Tu during mRNA decoding. The relaxed state 
of EF-G/GDP would then allow the 305 subunit to revert to the unrotated conformation and EF-G/ 
GDP to dissociate from the ribosome. 
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FIGURES AND TABLE IN THE FULL ARTICLE 


Fig. 1. Global structural rearrangements in 
the ribosome in EF-G/GMPPCP complexes. 


Fig. 2. Compact arrangement of EF-G 
domains | and III in the GTP state. 


Fig. 3. A network of contacts between EF-G 
domains extends from the GTPase center 
toward the small ribosomal subunit. 


Fig. 4. Contacts between EF-G and the 30S 
subunit are maintained during ribosomal 
subunit rotation. 


Fig. 5. Conformational rigidity of EF-G/ 
GMPPCP in the intermediate rotational state. 


Fig. 6. Model of EF-G—controlled 
translocation of mRNA and tRNA. 


Table 1. X-ray diffraction data and 
refinement statistics. 
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Intermediate states of translation. (Left) Ribosome 
in an intermediate state of 30S subunit rotation stabi- 
lized by EF-G bound to GMPPCP, viewed from the 50S 
subunit. Color coding is by the distance between corre- 
sponding atoms in the unrotated state of the ribosome. 
(Right) Opening of domains II and III in EF-G after GTP 
hydrolysis follows the same trajectory of tRNA release 
from EF-Tu during mRNA decoding. 
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Control of Ribosomal Subunit Rotation 
by Elongation Factor G 


Arto Pulk? and Jamie H. D. Cate”?3* 


Protein synthesis by the ribosome requires the translocation of transfer RNAs and messenger 
RNA by one codon after each peptide bond is formed, a reaction that requires ribosomal 
subunit rotation and is catalyzed by the guanosine triphosphatase (GTPase) elongation factor G 
(EF-G). We determined 3 angstrom resolution x-ray crystal structures of EF-G complexed with a 
nonhydrolyzable guanosine 5’-triphosphate (GTP) analog and bound to the Escherichia coli 
ribosome in different states of ribosomal subunit rotation. The structures reveal that EF-G 
binding to the ribosome stabilizes switch regions in the GTPase active site, resulting in a 
compact EF-G conformation that favors an intermediate state of ribosomal subunit rotation. 
These structures suggest that EF-G controls the translocation reaction by cycles of 
conformational rigidity and relaxation before and after GTP hydrolysis. 


uanosine triphosphatases (GTPases)— 
(G7 that catalyze the hydrolysis of 

guanosine 5’-triphosphate (GTP)—are 
widespread in biology and use GTP hydrolysis 
as a “switch” between functional states driven 
by protein conformational changes (/). Protein 
biosynthesis by the ribosome is controlled by 
GTPase translation factors in all stages of trans- 
lation (2). Although the GTPase catalytic core is 
highly conserved, translation factors have 
evolved unique domain architectures for separate 
and nonoverlapping functions in translation ini- 
tiation, elongation, termination, and ribosome 
recycling. The distinctions between translation 
factors, both within the translation process and 
between different domains of life, are targets for 
numerous families of antimicrobial compounds 
(3, 4). However, the structural basis for how 
GTPase translation factors use a highly conserved 
GTP hydrolysis mechanism to control distinct 
steps of translation remains unclear. 

During polypeptide elongation, bacterial elon- 
gation factors EF-Tu and EF-G altemate in cata- 
lyzing accurate messenger RNA (mRNA) decoding 
and mRNA and transfer RNA (tRNA) trans- 
location, respectively. The GTPase center of EF-Tu 
is coupled to distortions in aminoacyl-tRNA that 
contribute to the accuracy of mRNA decoding 
(5, 6). By contrast, EF-G promotes movement 
of mRNA and tRNA on the ribosome in steps 
that involve large-scale rearrangements of the 
ribosome (7—//). Biochemical and genetic exper- 
iments have shown that the GTPase centers of 
EF-Tu and EF-G, although highly conserved, are 
not interchangeable (/2), whereas key amino 
acids in the GTPase active site of the eukaryotic 
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translocase eEF2 can be mutated to those of EF-G 
and retain function (/3). Furthermore, whereas 
EF-Tu hydrolyzes GTP rapidly only during ac- 
curate mRNA decoding, the GTPase activity of 
EF-G is greatly accelerated even by vacant ribo- 
somes (/4, 15). Together with the divergent ar- 
chitectures of EF-Tu and EF-G outside of the 
GTPase active site (/6), these results indicate that 
EF-G has evolved considerably different means for 
linking GTP hydrolysis to ribosome dynamics. 
mRNA and tRNA translocation occurs in 
multiple steps (/7). First, the 3’ acceptor ends of 
the tRNAs move with respect to the large ribo- 
somal (50S) subunit, so that the peptidyl-site (P-site) 
and aminoacyl-site (A-site) tRNA termini move 
to the exit (E) and P sites, respectively, creating a 
hybrid P/E and A/P tRNA binding state (/8). 
This hybrid state requires a rotation of the small 
ribosomal (30S) subunit relative to the 50S sub- 
unit (7) and an orthogonal rotation of the 30S 


A 


D> 
\ 


subunit head domain (9, 19, 20) (Fig. 1A), 
conformational changes that are conserved in the 
eukaryotic ribosome (2/). When complexed with 
GTP, EF-G binds the ribosome and favors ribo- 
somal subunit rotation, a state associated with 
tRNA binding in the hybrid A/P and P/E sites 
(22-25). GTP hydrolysis by EF-G, subsequent 
ribosome dynamics (/0), and phosphate release 
are then required to translocate mRNA and the 
tRNA anticodons on the small ribosomal subunit 
to complete the translocation reaction and to re- 
lease EF-G/guanosine diphosphate (GDP) from 
the ribosome, respectively (26, 27). 

The structural basis for EF-G/GTP stabiliza- 
tion of rotated states of the ribosome is known 
only at low resolution (9, /0, 28). Cryogenic elec- 
tron microscopy (cryo-EM) reconstructions 
revealed EF-G domain positions in late stages of 
tRNA translocation but do not provide a molecular 
understanding of how the GTPase active site in 
EF-G, positioned by the 50S ribosomal subunit, is 
connected to events on the 30S subunit required 
for mRNA and tRNA translocation. Here, we 
determined structures of the ribosome in multiple 
states of subunit rotation, in complexes with EF-G 
bound to the nonhydrolyzable GTP analog B,y- 
methyleneguanosine 5’-triphosphate (GMPPCP). 
These structures reveal that GTP binding re- 
arranges switch regions in EF-G to promote EF-G 
interdomain packing and ribosomal subunit rota- 
tion, an allosteric mechanism reminiscent of motor 
proteins that use adenosine 5’-triphosphate hydrol- 
ysis to drive mechanical events common in biology. 


Results and Discussion 
Global Conformations of the 
Ribosome Complexes 


We determined two crystal structures of the 
Escherichia coli 70S ribosome in complexes with 
EF-G, the nonhydrolyzable GTP analog GMPPCP, 


Fig. 1. Global structural rearrangements in the ribosome in EF-G/GMPPCP complexes. (A) 
Schematic illustrating two degrees of freedom in the 30S subunit within the 70S ribosome. 30S subunit 
rotation encompasses the body (B) and platform (P) domains, whereas the 30S subunit head domain 
(H) swivels around a nearly orthogonal rotational axis. (B) EF-G is shown bound to the 70S ribosome 
oriented 180° from the view shown to the left. Domains in EF-G are numbered: domain | (dark green), 
domain II (red), domain III (light green), domain IV (orange), and domain V (light blue). Switch | (sw 1) 
(amino acids 38 to 64) in domain | is highlighted in purple, with GMPPCP as magenta spheres. The 30S 
subunit is in blue, and the 50S subunit is in gray and magenta. Single-letter abbreviations for the 
amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, lle; K, Lys; L, 
Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 
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and the antibiotic viomycin to a resolution of 
3 A (Table 1) (29). Each crystal form contains 
four unique copies of the ribosome in the crys- 
tallographic asymmetric unit that adopt differ- 
ent conformations with respect to 30S subunit 
rotation and swiveling of the 30S subunit head 
domain (fig. $1). Rotation of the 30S subunit 
body and platform domains ranges from ~0° to 
~8°, whereas the head domain of the 305 sub- 
unit is swiveled by ~6° to ~11° (table S1). EF-G, 
a five-domain protein, is bound to all eight copies 
of the ribosome, with the GTPase domain (do- 
main I or G domain) and domains II, III, and V 
positioned adjacent to the 50S subunit L11 arm, 
while domain IV projects into the 30S subunit 
mRNA decoding site (A site) (Fig. 1B). All of 
the copies of EF-G contain clear electron density 
for GMPPCP visible in the GTPase active site. 


Ordering of the GTPase Switch Regions 
and EF-G Domain Packing 


The GTPase active site in EF-G contains mobile 
“switch” elements termed switch I (amino acids 38 
to 64) and switch II (amino acids 84 to 107) and a 
P loop that coordinates the triphosphate (amino 
acids 12 to 27) (30). In EF-G, the switch elements 
are thought to convert the free energy of GTP 
hydrolysis in the G domain into the unidirectional 
translocation of the ribosome along an mRNA and 
the rapid cycling of EF-G during protein synthesis 
(9, 15, 27, 31). In the present structures, the G 
domain of EF-G contacts the sarcin-ricin loop 
(SRL) in 23S ribosomal RNA (rRNA) of the large 
ribosomal subunit. Nucleotide A2662 in the SRL 
coordinates a catalytic histidine in switch II (His92) 
in EF-G and positions its imidazole ring in the 
correct location to activate a nucleophilic water 
molecule putatively required for GTP hydrolysis, 
similar to the structure of the GTPase EF-Tu bound 
to the ribosome in the GTP state (6) (Fig. 2A). By 
contrast, this catalytic histidine is oriented away 
from the active site in a structure of the Thermus 
thermophilus 70S ribosome trapped with EF-G in a 
GDP state by the antibiotic fusidic acid (32). Bind- 
ing of the GTP analog also orders much of switch I 
in EF-G (amino acids 49 to 64), closing the GTP 
binding pocket (Fig. 2, B and C), as previously 
observed at low resolution by cryo-EM with a 
paralog of EF-G (9). During translocation, GTP 
hydrolysis by EF-G 1s rapid and is followed by a 
rate-limiting conformational rearrangement of the 
translocation complex that is coupled to EF-G in 
an activated GDPeP; (inorganic phosphate) state 
(27, 33). After GTP hydrolysis and translocation, 
switch I becomes disordered (3/), which greatly 
accelerates release of EF-G/GDP from the post- 
translocational ribosome (27, 3/). In the structure 
of EF-G trapped on the ribosome with GDP by 
fusidic acid, switch | is entirely disordered (32). 
Thus, the current complexes likely represent either 
the pre-GTP hydrolysis configuration of EF-G on 
the ribosome, or the GDPeP; state. 

The folding of EF-G switch I results in mul- 
tiple new interdomain contacts throughout EF-G. 
Arginine 59 (R59) from switch I, universally 
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conserved in canonical translation GTPases (34), 
interacts with the backbone of SRL nucleotide 
A2663 on one side, as seen with EF-Tu (6), and 
forms a salt bridge with aspartate 467 (D467) in 
EF-G domain III (Fig. 2D), which occupies the 
space where the 3’-acceptor end of tRNA binds 
EF-Tu (6) (Fig. 2E). Although mutations of R59 
in EF-Tu and EF-G do not affect GTP hydrolysis 
(35), mutations of R59 in EF-G decrease trans- 
location by a factor of up to 50 (35), similar to the 
rate that occurs in the absence of GTP or with a 
non-hydrolyzable GTP analog (35). The rate of 
translocation is decreased by a factor of only 5 
when R59 is replaced with lysine, showing that 
the salt bridge with D467 in domain III is im- 
portant for EF-G function. A second salt bridge 
forms between glutamate 58 and arginine 475 
(Fig. 2D), an interaction absent in EF-Tu (6). 
Further differences between the geometry of 
switch I in EF-G and EF-Tu occur in amino 
acids adjacent to the a-phosphate of GMPPCP 
and the P loop (fig. S2), which may explain the 
observation that replacement of EF-G switch I 
amino acids 44 to 55 with those from EF-Tu 
renders EF-G functionally inactive (/2). 

The folding of EF-G switch I further induces 
close hydrophobic packing between domains I, 
II, and II, capped by the side chain of R59 and 
centered on switch II residue phenylalanine 95 
(F95) which is thought to contribute to GTPase 


activation (36) (Fig. 3A). In the ribosome com- 
plex of EF-G with GDP and fusidic acid, this 
interface is broken and occupied by the antibiotic, 
which packs against F95 (32). Notably, mutations 
in this interface, including F95, confer fusidic acid 
resistance to cells (36). In some cases, these mu- 
tations make EF-G an intrinsically active GTPase 
(36) while at the same time drastically reducing 
EF-G’s ability to accelerate translocation, indicat- 
ing that GTP hydrolysis must be linked with ri- 
bosomal conformational changes for effective 
translocation (36). An additional network of polar 
and hydrophobic interactions surrounds salt 
bridges between switch II residues arginine 101 
(R101), glutamate 98 (E98), and domain II residue 
lysine 323 (K323), which are held in place by 
residues from switches I and II (threonine 64 and 
serine 65, and isoleucine 97) and domains II and 
III (threonine 393 and the backbone of glutamate 
441) (Fig. 3B). The contacts between these con- 
served residues in EF-G are lost upon GTP hy- 
drolysis and P; release, when switch I becomes 
disordered and domains II and III] move apart (32). 


EF-G Coupling to the Conformation 

of the 70S Ribosome 

Formation of these extensive interfaces between 
domains I to III in EF-G in the GMPPCP com- 
plexes results in large-scale movement of domains 
II and III that couple to rotation of the body of 


Table 1. X-ray diffraction data and refinement statistics. a.s.u., crystallographic asymmetric unit; 
CC(1/2), correlation coefficient; I/c, mean signal-to-noise value of measured intensities; R, refinement 
R factor; Rfree refinement free R factor; Rmerge: Measurement R factor; RMS, root mean square. 


Crystal | 


Space group 
Unit cell (a, b, c in A) 
(a, B, y in degrees) 


P 2, 


90.0, 103.566, 90.0 
361.60, 361.77, 433.20 


Crystal II 
P 2, 


90.0, 103.217, 90.0 
361.14, 360.51, 429.73 


Resolution (A) 70 — 3.0 70 — 3.0 
(high-resolution shell)* (3.1 — 3.0) (3.1 — 3.0) 
Riceiae 15.2 (100.9) 17.3 (132) 
Io (I) 6.49 (0.84) 5.84 (0.58) 
CC(1/2) (%) 99.4 (42.7) 99.3 (30.4) 
Completeness (%) 83.7 (60.7) 89.6 (71.5) 
Measurement redundancy 3.1 (1.5) 3.9 (2.3) 
Unique reflections 1,799,385 (122,106) 1,904,514 (142,145) 
No. crystals used 20 24 
Refinement 
Resolution (A)t 70 — 2.9 70 — 2.9 
No. reflections 1,874,109 1,984,535 
Molecules per a.s.u 4 4 
Riree set 8,386 8,583 
RIRtree (%o)* 0.230/0.278 0.221/0.270 
Average B factor 
RNA 27.4 31.8 
Protein 30.3 38.5 
Other 12.6 15.1 
RMS deviations 
Bond lengths (A) 0.008 0.009 
Bond angles (°) 1.304 1.376 


*Data beyond the high-resolution shell in parentheses were used for refinement and map calculation and extend to a CC(1/2) 


value of about 24.5% (54). 


TAIL statistics not in parentheses include data over the whole reported resolution range. 


Crystal form | contains higher occupancy for viomycin and II lower occupancy for viomycin. 


28 JUNE 2013. VOL 340 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on June 27, 2013 


the 30S ribosomal subunit. Domain II of EF-G 
complexed with GMPPCP moves ~7 A closer to 
domain III at its extremity, when compared to the 
ribosome complex with EF-G, GDP, and fusidic 
acid, which corresponds to a post-translocation 


state with P- and E-site tRNAs and the ribosome 
in an unrotated conformation (32) (Fig. 3C). 
EF-G domains II and III move together with 
the body of the 30S subunit, which is rotated by 
3° to 8°, and maintain contacts with 16S rRNA 
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helices 4, 5, and 15 and ribosomal protein $12 
(Fig. 4, A and B) (9, 70, 32). 

In the structure of the unrotated 70S ribosome 
in the present crystals, EF-G domain II is largely 
disordered, and the G domain is partially disordered 


GMPPCP iM 
T24 


Fig. 2. Compact arrangement of D 
EF-G domains | and III in the GTP 

state. (A) Position of the catalytic his- 

tidine H92. Gate residues isoleucine 

19 and isoleucine 61 are shown with green 
spheres with van der Waals radii, along 
with the position of the proposed activated 
water and coordinated Mg** ion. (B) View 
of the GTPase active site, including swl, 
swll, P-loop, sarcin-ricin loop in 235 rRNA 
(SRL), and the GTP nucleotide analog 
GMPPCP. Amino acids in swl that become 
ordered upon GTP binding and form salt 
bridges with EF-G domain III are shown as 
spheres with van der Waals radii. (C) Four- 
fold NCS averaged electron density for the 
GTPase domain of EF-G near the GTP binding pocket. Shown are EF-G swl, 
domain |, domain III, the GTP analog GMPPCP color-coded as in (A), and a 
magnesium ion (light blue). Electron density (gray grid) is contoured at 1 SD 
from the mean. (D) Close-up view of interactions between swl (dark green) 
and domain III (green) in the EF-G/GMPPCP complex. Contacts within hydrogen- 


Fig. 3. A network of contacts between EF-G domains extends from the 
GTPase center toward the small ribosomal subunit. (A) A new hydro- 
phobic core forms between domains | and Ill in EF-G in the GTP state. Positions 
in swl of domain | (dark green carbons) and domain III (green carbons) are 
shown. (B) Polar and ionic interactions formed between swl and swil and 
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bonding distance are indicated with dashed lines. (E) Essential salt bridge 
between EF-G residue R59 in swl and residue D467 in domain Ill. The cor- 
responding interactions in the EF-Tu/aminoacyl-tRNA decoding complex are 
also shown. EF-G is color-coded as in Fig. 1B, and the EF-Tu/tRNA complex is 
colored magenta (protein, SRL) and red (tRNA). 


ll GMPPCP 
E469 E476 P328 P320 GDP 


GMPPCP 


domains II and Ill in the GTP state, color-coded as in Fig. 1B. Dashes indicate 
atoms within hydrogen-bonding distance. (C) Closure of domains II and III due 
to binding of the GMPPCP form of EF-G to the ribosome (7 A) is indicated. The 
structure of the ribosome with EF-G/GDP/fusidic acid is shown in blue (32). The 
ribosome in an intermediate rotation state with EF-G/GMPPCP is in green. 
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16S rRNA 


Fig. 4. Contacts between EF-G and the 305 subunit are maintained during 
ribosomal subunit rotation. (A) Contacts between EF-G domain II (red) and 165 
rRNA (light blue) near helices h5 (A55 or U358) and h15 (U368). (B) Contacts 
between EF-G domain Ill (green) and ribosomal protein S12 (blue) for the ribo- 


(fig. S3A), as is domain IV. Furthermore, the 305 
subunit body domain is forced away from the 
50S subunit interface by 5 A when compared to 
EF-G bound with GDP/fusidic acid to the un- 
rotated post-translocation state (Fig. 4C), consist- 
ent with evidence that EF-G/GTP binding favors 
rotated states of the ribosome (22-25). In the two 
structures of the ribosome in a fully rotated state 
determined here, domains II and IV of EF-G are 
more ordered when compared to the unrotated 
state (fig. S3B). EF-G/GMPPCP also adopts a 
well-defined conformation when bound to inter- 
mediate rotated states (Fig. 5A). Thus, the inter- 
actions between EF-G and the 30S ribosomal 
subunit couple the nucleotide status of the GTPase 
center (GDP versus GTP or GDPeP;) to inter- 
domain stabilization of EF-G and the rotational 
state of the ribosome. 


Position of EF-G Domain IV in the 
Ribosomal A Site 


In the present structures, domain IV in EF-G, 
which is essential for tRNA and mRNA trans- 
location (37), projects toward the 30S subunit and 
occupies the position of A-site tRNA (8—/0, 32) 
(Fig. 5B). The orientation of domain IV is sta- 
bilized primarily by salt bridges with domain III 
and domain V (Fig. 5C), with only a few inter- 
actions occurring to the tip of h44 in 16S rRNA 
in the 30S subunit A site. Binding of the anti- 
biotic viomycin in the vicinity of these weak in- 
teractions with 165 rRNA helix h44 (fig. S4) does 
not seem to stabilize them, since the interactions 
remain weak whether viomycin is bound to h44 
or not (fig. S4) (29). Although the head domain 
of the 30S subunit adopts large swiveling angles 
in these structures (fig. S1 and table S1), there 
are no clear contacts between EF-G domain IV 
and the head domain in seven of the eight ri- 
bosomes observed here (Fig. 5D). Instead, the 
position of domain IV seems to function almost 
exclusively to preclude tRNA occupancy in the 
ribosomal A site (S—/0, 32). In the various struc- 
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= S J } \ F 
Unrotated body in: 
GTP or GDP state 


\ Siva 
T456 EF-G/GDP 


some in an intermediate state of rotation. (C) Movement of the 30S subunit body 
domain away from the subunit interface in the unrotated state induced by EF-G 
binding in the GTP state (blue). For comparison, the structure of the ribosome with 
EF-G/GDP/fusidic acid in the unrotated state is shown in green and olive (32). 


Fig. 5. Conformational rigidity of EF-G/GMPPCP in the intermediate rotational state. (A) Atomic 
displacement parameters (B factors) of EF-G/GMPPCP bound to the ribosome in an intermediate state of 
subunit rotation. Scale bar indicates the range of color-coded B factors. Domains in EF-G and helices in 
165 and 235 rRNA are indicated. The asterisk indicates the site of interaction seen between EF-G and 
ribosomal proteins L7/L12 in (32). (B) Position of EF-G domain IV (orange) in the ribosomal A site. The 
position of tRNAs in the A site (A/A tRNA, transparent pink surface) and P site (P/P tRNA, green) are 
derived from the superposition of the ribosome structure in (55) with the ribosome in an intermediate 
state of subunit rotation, using the 30S subunit platform as a frame of reference. (C) Salt bridges 
between EF-G domain III (green) residue E452, domain IV (orange) residues R491 or E614, and domain 
V (aqua) residue R639, buttressed by hydrophobic packing. (D) Lack of contacts between EF-G domain 
IV and the head domain of the 30S subunit of a representative ribosome in an intermediate state of 
rotation. Difference electron density (2F,,; — 2F,a1.) is shown at a contour of 1 SD from the mean. 


tures of EF-G with GMPPCP and GDP/fusidic helix h44 also vary in detail and are poorly or- 
acid, the specific interactions between EF-G and dered in nearly all of the present structures, again 
platform elements of the 30S subunit A site near suggesting that EF-G domain IV serves as a 
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Fig. 6. Model of EF-G—controlled translocation 
of mRNA and tRNA. (A) EF-G in the activated 
GDPeP; state requires movement of A-site tRNA out 
of the decoding site (pink) of the ribosomal 305 
subunit platform into the P site (green), and P-site 
tRNA into the E site (purple) to accommodate EF-G 
domain IV, as indicated by arrows. The intermediate 
tRNA sites in the 30S subunit and the head rotation 
angle are based on (10). At this point, domains | to 
Ill and V of EF-G (blue) are rigidly bound to the 
intermediate rotation state of the ribosome, whereas 
domain IV (red) moves to occupy the A site. (B) 
Stable interactions between EF-G domain IV and 


the remainder of EF-G position domain IV to prevent back-translocation of P-site tRNA. The 30S subunit head domain may remain dynamic in this post- 
translocation state (46, 51, 56). (C) Phosphate release from the GTPase domain of EF-G, stimulated by proteins L7/L12 (asterisk), disrupts interdomain 
contacts in EF-G, allowing the ribosome to revert to the unrotated state, (D), from which EF-G/GDP dissociates from the ribosome. In panels (A) to (D), the 
lowercase letters indicate tRNA contacts to the 305 head and body domains, in that order. Uppercase letters indicate tRNA contacts to the P or E sites in both 
the 30S head and 30S body domains. (E) Opening of domains II and III in EF-G after GTP hydrolysis follows the same trajectory as tRNA release from EF-Tu 
during mRNA decoding. The position of A-site tRNA (pink, PDB entry 318G) (57) was compared to that for EF-Tu in an mRNA decoding complex with the GTP 


analog GMPPCP (6). 


steric block to control movements of the ri- 
bosome and tRNA substrates in later steps of 
translocation (32, 37). 


Model of mRNA and tRNA Translocation 


Translocation of mRNA and tRNA on the ribo- 
some can occur in the absence of EF-G, but the 
rate of EF-G-independent translocation is too 
slow to support cell growth (38, 39) and is highly 
reversible (40, 41). Thus, although the process of 
translocation is intrinsic to the ribosome, EF-G 
increases translocation efficiency and biases it in 
the forward direction. Kinetic experiments re- 
vealed that EF-G—catalyzed translocation involves 
multiple steps, with GTP hydrolysis occurring 
rapidly, followed by a rate-limiting conformational 
change in the ribosome that precedes mRNA 
and tRNA translocation (27, 33, 42). However, 
the relationships between these kinetically de- 
fined events and structural changes in ribosome 
translocation complexes remain to be determined 
(43-46). Several lines of evidence indicate that, 
although EF-G/GTP may bind the ribosome in 
the unrotated state (47), EF-G/GTP binds more 
favorably to the ribosome in an intermediate step 
of the translocation reaction, after tRNAs occu- 
py hybrid A/P and P/E sites and the ribosomal 
subunits are in a rotated state (/0, 11, 46, 48). The 
present structures reveal that EF-G/GMPPCP can 
bind to vacant ribosomes in multiple states of 
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subunit rotation, including the unrotated state. 
However, the rigid arrangement of EF-G ob- 
served here is incompatible with pretranslocation 
complexes in which tRNA occupies the A site in 
the 30S subunit (49) (Fig. 5B). 

The present structural data suggest that the 
intermediate state of rotation may be preferred 
before GTP hydrolysis by EF-G. However, in 
kinetic experiments GTP hydrolysis is rapid and 
precedes the rate-limiting conformational change 
in translocation (27, 33, 42). It is possible that the 
GTP and GDPeP; states of EF-G may be in 
equilibrium (47), analogous to the situation with 
eukaryotic initiation factor eIF2 (50). Thus, the 
present structures of the partially and fully rotated 
states may represent EF-G/GDP¢P; bound to the 
ribosome as tRNAs move into the ap/P and pe/E 
sites in the 30S/50S subunits as defined in (/0), 
when the 30S head domain adopts extremely ro- 
tated positions (70, 28) (Fig. 6A). Consistent with 
the intermediate state of rotation observed pre- 
viously by cryo-EM (J0), it is likely that the 
activated (GDPeP;) form of EF-G stabilizes the 
intermediate state of rotation (Fig. 6A) (27). How- 
ever, the present structures reveal that EF-G 
binding to partially rotated ribosomes is indepen- 
dent of the position of the 30S head domain. 
Because EF-G domain IV only makes substantial 
contact to the 30S subunit head domain in the 
post-translocation state (30), and not when the 


head is swiveled (8—/0, 28) (Fig. 5D), domain IV 
of the EF-G/GDP*P; complex may simply act to 
decouple tRNA movement from the 30S subunit 
platform and allow the intrinsic dynamics of the 
30S subunit head domain (5/, 52) to translocate 
tRNAs into the P and E sites (J0, 28). EF-G 
domain IV would then prevent translocated P-site 
tRNA from reverting its position to the A site, as 
suggested by previous structures (S—/0, 32, 37) 
(Fig. 6B). P; release, accelerated by L7/L12 (32, 42) 
and accompanied by switch I unfolding (Fig. 6C), 
would then cause EF-G to relax due to loss of 
interdomain contacts and allow the 30S subunit to 
reverse its rotation to 0°. The relaxed state of 
EF-G/GDP would then dissociate from the ribo- 
some as domain III and V contacts with the ribo- 
some are destabilized (Fig. 6D). 


Conclusion 


The model of EF-G cycling between rigid and 
relaxed conformations is comparable to the changes 
in tRNA conformation that occur during mRNA 
decoding by EF-Tu. During mRNA decoding, GTP 
hydrolysis by EF-Tu releases tRNA from a bent 
conformation that relaxes as the tRNA is ac- 
commodated into the ribosomal A site (5, 6). The 
trajectory of tRNA motion after release from 
EF-Tu corresponds to the direction of domains 
II and III opening in EF-G (Fig. 6E). It will be 
important to determine whether similar cycles 
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may occur with other translation GTPases. In the 
case of EF-G, future structural and biophysical 
insights will also be needed to elucidate the con- 
tribution of tRNAs to translocation and to under- 
stand the role of EF-G in its distinct functional 
role in ribosome recycling (53). 


Materials and Methods 


Escherichia coli ribosomes lacking the C termi- 
nus of ribosomal protein L9 (amino acids 56 to 
the C terminus) were purified and used for com- 
plex formation with E. coli EF-G, the nonhydro- 
lyzable GTP analog GMPPCP, and viomycin. 
Purification and crystallization of the complexes 
are described in the supplementary materials. 
Two ribosome crystal forms, each containing 
four unique copies of the ribosome, were used 
for x-ray diffraction measurements and structure 
determination by molecular replacement. Details 
of the data measurement, structure determina- 
tion, refinement, and ribosome superpositions 
are given in the supplementary materials. 
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Terabit-Scale Orbital Angular 
Momentum Mode Division 
Multiplexing in Fibers 


Nenad Bozinovic,’* Yang Yue,?* Yongxiong Ren,” Moshe Tur,? Poul Kristensen,* Hao Huang,” 


Alan E. Willner,?+ Siddharth Ramachandran*t 


Internet data traffic capacity is rapidly reaching limits imposed by optical fiber nonlinear effects. Having 
almost exhausted available degrees of freedom to orthogonally multiplex data, the possibility is now 
being explored of using spatial modes of fibers to enhance data capacity. We demonstrate the viability of 
using the orbital angular momentum (OAM) of light to create orthogonal, spatially distinct streams of 
data-transmitting channels that are multiplexed in a single fiber. Over 1.1 kilometers of a specially 
designed optical fiber that minimizes mode coupling, we achieved 400-gigabits-per-second data 
transmission using four angular momentum modes at a single wavelength, and 1.6 terabits per 

second using two OAM modes over 10 wavelengths. These demonstrations suggest that OAM could 
provide an additional degree of freedom for data multiplexing in future fiber networks. 


optical fibers has increased by four orders 
of magnitude in the past three decades (/), 
primarily because of multiplexing techniques that 
use wavelength, amplitude, phase, and polariza- 
tion of light to encode information (Fig. 1A). As 


T= data-carrying capacity of single-mode 
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the capacity of the current optical fiber systems 
reaches limits imposed by nonlinear effects (2), 
the possibility of spatial-division—multiplexing 
methods by use of multicore (3) and multimode 
(4) fibers has emerged to address the forthcoming 
capacity crunch. Although multicore fibers 
potentially require more complex manufacturing 
than do circularly symmetric multimode fibers, 
conventional multimode fibers suffer from mode 
coupling caused by random perturbations in fi- 
bers or incomplete mode-conversion (5). Methods 
that have been developed to address the problem 
of mode coupling so far have been dependent on 
computationally intensive digital signal processing 
(DSP) algorithms, and have been based either on 


OAM conversion 


Ort 


£=0 


f=4+1 


adaptive optics feedback (6) or complex multiple- 
input multiple-output (MIMO) methodologies (4). 

We show a method that offers a means of in- 
creasing network throughput without using com- 
plex DSP algorithms, but instead by using fiber 
modes that carry orbital angular momentum 
(OAM). As one of the most fundamental physical 
quantities in classical and quantum electrody- 
namics, OAM of light has initiated widespread 
interest in many areas, including optical tweezers, 
atom manipulation, and optical communications 
(7). Photons that carry OAM have a helical phase 
of electric field proportional to exp(i@o), where 
£ is topological charge, and is the azimuthal 
angle (7). Several classical (8) and quantum (9) 
communications experiments have exploited the 
inherent orthogonality of OAM modes in free space 
by multiplexing information in this additional de- 
gree of freedom, increasing the capacity of free- 
space communications links. In fibers, however, 
OAM beams were considered to be completely 
unstable owing to mode coupling, and only short- 
length fiber propagation, without data transmis- 
sion, has been demonstrated (/0-/4). 

The OAM mode-division multiplexing (OAM- 
MDM) concept used here is illustrated in Fig. 1B 
and is based on multiplexing two fundamental 
fiber modes of opposite spins (circular polariza- 
tions), with the two OAM fiber modes of oppo- 
site topological charges ¢ = +1. The three key 
enablers for our demonstration are (i) a multi- 
plexing setup, comprising spatial light modula- 
tors (SLMs) and conventional free-space optics 
(conceptually illustrated in Fig. 1, C and D), that 
enabled <-21 dB of multiplexing crosstalk; (ii) a 
circularly symmetric specialty fiber fabricated on 
a commercial manufacturing setup that minimized 
mode coupling, leading to <-10 dB of crosstalk 
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among modes after 1.1 km of propagation; and 
(it) a demultiplexing setup that enabled sorting of 
the modes with high purity at the output by using 
free-space polarization and OAM sorters. The de- 
tailed experimental setup is available in fig. S1 (75). 

Conventional single-mode fibers (SMFs) sup- 
port propagation of two distinct, degenerate po- 
larization states of the fundamental mode (LP, ), 
designated by their spin s = +1. The few-mode 
fiber that we use (“vortex fiber”) additionally 
supports the first-order antisymmetric modes: 
one transverse magnetic mode (7Mo,), two OAM* 
modes (denoted by their = +1 topological charge), 
and one transverse electric (7Ep,) mode (‘‘0” and 
“1” in the subscript “01” refer to azimuthal and 
radial indices, respectively, denoting the number 
of nulls in the electric field in the two orthogonal 
directions). However, unlike traditional few-mode 
fibers, the vortex fiber was designed to lift the 
near-degeneracy between the desired OAM* and 
parasitic 7Mp, and TE, hence minimizing modal 
crosstalk between them (/6). Thus, this fiber yields 
two new degenerate states (OAM*) in addition 
to the conventional degenerate LP), modes. 
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Fig. 2. Vortex fiber characteristics. (A) Microscope image of the vortex fiber 
facet. (B) Measured fiber refractive index and numerically calculated mode 
profiles. (C) Measured (open circles) and numerically calculated (solid lines) 
effective index differences (Angg) of the first-order modes—TEo,, OAM, and 
TMo1—with respect to the fundamental mode (LPo1); large Aneg between 
modes lowers mode-coupling distortions. (D) Measured modal power ratios as 


The index profile of our vortex fiber (Fig. 2, 
A and B) has a characteristic high-index ring that 
serves to lift the debilitating near-degeneracy 
between the desired OAM and parasitic TM, 
and TEo, responsible for mode coupling in con- 
ventional fibers (5). Effective index differences 
(An.g) of the first-order modes with respect to 
the LP5, modes were numerically calculated and 
compared with the experimentally measured val- 
ues (Fig. 2C). In the vortex fiber, the OAM™ states 
are separated from the LP, states by Angy = 3 x 
10° (at 1550 nm) and from the parasitic TEo, 
and 7M, states by Angy ~ 1.6 x 10>. These 
values of An. are larger than those in polarization- 
maintaining fibers that preserve distinct polar- 
ization modes and, by analogy, indicate that all 
distinct modes in the vortex fiber should be re- 
sistant to distributed mode coupling (/6). This is 
in contrast to conventional fibers and hence in- 
dicative of the fact that OAM modes would be 
preserved in these vortex fibers. The degenerate 
pair of OAM™ states inevitably mix into each 
other because of fiber birefringence (/3). How- 
ever, this coupling can be compensated for by 
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using a fiber polarization controller (we achieve 
~20 dB of crosstalk between the two OAM™ states 
at the output of the 1.1-km bare-fiber spool). 
Polarization controller feedback—based correction 
techniques are commonly used in conventional 
polarization-division multiplexed systems (/7). 

We used a previously developed mode-purity 
characterization technique that analyzes spatial 
intensity variations at the fiber output arising from 
intermodal interference in order to study the ef- 
fects of distributed mode coupling (/3). Relative 
mode powers as a function of a fiber length (iter- 
atively measured via cutback) is shown in Fig. 2D 
for the case of high-purity (>21 dB) OAM* mode 
excitation at 1550 nm. After 1.1 km of propaga- 
tion of the desired OAM modes, less than —10 dB 
of the input power leaked into the LP,, and the 
parasitic TMo, and TE , modes. The relative 
mode powers are also measured in time (Fig. 2E), 
indicating temporal stability on the order of hours, 
although polarization controller adjustments were 
necessary for longer periods of time. 

Having confirmed the capability of the fiber 
to carry individual OAM states over long distances 
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a function of fiber length for the case of OAM* mode excitation at 1550 nm 
(OAM power refers to combined OAM* and OAM~ mode powers, and LPo; 
refers to combined powers of the two LP,, states). (E) Relative mode powers 
with respect to time, showing the temporal stability of the OAM modes. (F) 
Table of vortex fiber properties at 1550 nm, including numerically calculated 
effective area and dispersion and experimentally measured loss. 
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with low mode-coupling, we investigate the pros- 
pects of multiplexing four guided modes—namely, 
the two LP5, and the two OAM* modes—and 
using them as four distinct channels for OAM- 
MDM data transmission. We used a commercial 
SLM and free-space optics for OAM mode gen- 
eration and multiplexing (Fig. 1, B and C, and 
fig. S1). The detailed alignment procedure is avail- 
able in (/5). 

After 1.1 km of propagation, the vortex fiber 
output is imaged onto a camera when only one 
channel is enabled at a time. Examples of images 
from the LP5, and OAM™ channels are shown in 
Fig. 3, A and B (images from all four channels 
are available in fig. S2). To reveal the transverse 
phase of the OAM ~ channel outputs, interference 
with an expanded Gaussian beam reference was 
recorded (Fig. 3, C and D), with the vortex fiber 
polarization controller adjusted to yield ~—20 dB 
OAM ~ crosstalk. The spiral interference patterns 
clearly indicate that the OAM * (OAM ) state was 
obtained at the output in the case when the in- 
dividual OAM * (OAM -) mode was sent at the 
channel input. 

With all four channels enabled simultaneous- 
ly, the demuxing system sorts the modes accord- 
ing to their OAM (/) and spin (s) values, using 
another SLM and a combination of a quarter- 
wave plate and a polarizer, respectively (/5). In 
the example of the OAM" channel, the resulting 
output maps back into a conventional Gaussian- 
shaped beam with a planar phase (Fig. 3, E and F), 
which we can now route to a coherent receiver by 


OAM* “hig demux 


Fig. 3. Transmission channel characterization. (A and B) Intensity of LP5, 
and OAM™ channel outputs (collimated). (C and D) Interference patterns between 
an expanded Gaussian beam reference and the OAM* and OAM channel outputs, 
respectively. The handedness of the spiral is indicative of the OAM value (/ = +1 
or —1) carried by each beam. Clear spiral images are also indicative of high mode 
purity. (E and F) Intensity and phase of the OAM* channel output after demulti- 


coupling into an SMF. This enables a quantitative 
measure of mode purity by observing channel 
output power versus time (Fig. 3G), which re- 
veals how much power leaked into other chan- 
nels (crosstalk), as well as how much power leaked 
out-and-back, during fiber propagation, into an 
individual channel [multi-path interference (MPI)] 
(18, 19). MPI is a fundamental property arising 
from fiber design, whereas crosstalk depends on 
both the fiber and the multiplexing (or demulti- 
plexing) setup design. Both crosstalk and MPI 
increase bit error rate (BER) in the absence of 
MIMO corrective algorithms (measured values 
for all the modes are given in Fig. 3E). 

We have demonstrated OAM-MDM data 
transmission feasibility of the system described 
above by sending 50-GBaud, quadrature-phase- 
shift-keyed (QPSK) data at a single wavelength 
and over four mode channels (Fig. 4A) (/5, 20). 
BERs were measured for two cases: when only 
one channel was used for data transmission (single- 
channel case) and when all four channels were 
simultaneously populated with distinct (decor- 
related) data streams (all-channels case). In the 
single-channel case, the largest received power 
penalty for achieving a BER of 3.8 x 10°? [the 
threshold BER level at which forward-error- 
correction (FEC) algorithms ensure error-free 
data transmission] is 2.5 dB, mainly due to MPI. 
In the all-channel case, this largest power penalty 
increased to 4.1 dB, mainly due to crosstalk. In 
the latter case, a total transmission capacity at 
400 Gbit/s below the FEC limit is achieved. 
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In addition to the single-wavelength demon- 
stration, we used wavelength-division multiplex- 
ing (WDM) to further extend the capacity of our 
system (Fig. 4C) (20). Recall that we used a con- 
ventional polarization controller to achieve ~—20 dB 
crosstalk between the OAM* modes. However, 
optimizing our system to yield two orthogonal, 
pure OAM * states at one wavelength implies that 
at other wavelengths, the OAM ~ states will, to 
a certain extent, couple with each other. A more 
advanced transmitter with individual wavelength 
channel polarization control could, in principle, 
be used to mitigate this effect. In addition, extra- 
neous contributory factors such as the wavelength 
dependence of the SLM and other free-space 
optical components can also affect the crosstalk. 
For these reasons, only two OAM modes and 
10 WDM channels (from 1546.64 to 1553.88 nm) 
were chosen for our WDM experiment (Fig. 4D, 
boxed region, which illustrates wavelengths at 
which crosstalk was low) (/5). Reduction to two 
modes allowed us to choose a more complex mod- 
ulation format (16-quadrature amplitude mod- 
ulation) for data transmission, yielding higher 
spectral efficiency, albeit at a lower baud rate of 
20 GBaud. Although the BER of the two modes 
varied somewhat because of crosstalk (Fig. 4E), 
transmission of 20 channels (OAM-MDM and 
WDM) resulted in a total transmission capacity 
of 1.6 Tb/s under the FEC limit. 

Our results indicate that simple, low-complexity 
DSP coherent detection methods can be used to 
achieve OAM-MDM in fibers. Our demonstration 
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plexing. All images taken when only one channel is enabled at a time. (G) Example 
of the LP5, channel power drift (attributed to crosstalk and free-space optics) and 
power fluctuations (due to MPI). (Inset) Illustration of crosstalk and MPI mechanisms; 
mode A can couple into mode B, producing crosstalk, but a certain amount of the 
power can couple back into mode A, interfering with the original signal and producing 
MPI. (H) Table of measured values for crosstalk and MPI for all four modes. 
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Fig. 4. Data-transmission experiments. (A) Block diagram of 50 x 2 Gbaud 
QPSK signal transmission over a single wavelength carrying four modes in 
the vortex fiber. (B) Measured BER as a function of received power for the 
single-channel (SC) and all-channels (AC) transmission case. (C) Block diagram 


used no computationally intensive DSP correc- 
tive algorithms, such as MIMO. Furthermore, 
because our OAM-MDM scheme primarily re- 
quired that the vortex fiber we used enabled 
mode-coupling—free propagation of OAM modes, 
we expect this scheme to be scalable in number 
of modes, and thus data capacity, given recent 
developments on fiber designs that may be able 
to support propagation of multiple OAM modes 
with € >> 1 (22). Because our primary goal is that 
of demonstrating the viability of fiber-based data 
transmission of independent OAM modes, we 
used conventional, commercial components (SLMs 
and wave retarders) for muxing and demuxing, 
which are inherently lossy as the number of OAM 
modes is scaled. Recent demonstrations of theo- 
retically lossless OAM muxing devices, based 
on waveguides (23) or free-space optics (24), in- 
dicate that the required component technology is 
concurrently developing to enable realistic deploy- 
ments of scalable networks based on OAM-MDM. 
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Dinitrogen Cleavage and 
Hydrogenation by a Trinuclear 
Titanium Polyhydride Complex 
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Both the Haber-Bosch and biological ammonia syntheses are thought to rely on the cooperation of 
multiple metals in breaking the strong N=N triple bond and forming an N-H bond. This has 
spurred investigations of the reactivity of molecular multimetallic hydrides with dinitrogen. 

We report here the reaction of a trinuclear titanium polyhydride complex with dinitrogen, which 
induces dinitrogen cleavage and partial hydrogenation at ambient temperature and pressure. 

By *H and *°N nuclear magnetic resonance, x-ray crystallographic, and computational studies of 
some key reaction steps and products, we have determined that the dinitrogen (Nz) reduction 
proceeds sequentially through scission of a N> molecule bonded to three Ti atoms in a w-n*:n2:n7- 
end-on-side-on fashion to give a [12-N/u3-N dinitrido species, followed by intramolecular hydrogen 


migration from Ti to the wt2-N nitrido unit. 


initrogen (N>) is the most abundant com- 
De= (78%) of Earth’s atmosphere and 

is largely chemically inert under ordinary 
conditions. Certain microbial organisms can re- 
duce N, to ammonia (NH3) by using nitrogenase 
enzymes at ambient temperature and pressure 
(/—7). In this transformation, six electrons and six 
protons are required to produce two equivalents 
of NH; per Np. Industrially, NH; is produced in 
~10* tons/year quantities from N> and H, by the 
Haber-Bosch process, in which Hp serves as the 
source of both electron and proton (8—/0). This 
process requires relatively harsh conditions (350° 
to 550°C and 150 to 350 atm) to activate N> on the 
solid catalyst surface, making it energy intensive. 
Indeed, the Haber-Bosch ammonia synthesis 
consumes more than 1% of the world’s annual 
energy supply. Both the biological and Haber- 
Bosch processes are thought to take place through 
the cooperation of multiple metal sites. 

To further explore the mechanism of N> re- 
duction at the molecular level and thereby de- 
velop milder chemical processes for ammonia 
synthesis, extensive studies on the activation of 
N> with organometallic complexes have been car- 
ried out over the past decades. By use of low-valent 
transition metal species or a combination of tran- 
sition metal complexes with strong reducing re- 
agents, such as KCg, Na/Hg, or Mg, the activation 
of N> has been achieved under mild conditions 
(1-22). The catalytic transformation of N> to NH3 
has also been accomplished by using a Mo-N> 
complex (23, 24). However, these reaction sys- 
tems generally require a stoichiometric excess of 
strong reducing agents and extra proton sources 
to afford NH3. An alternative approach is the di- 
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rect reduction of N> by transition metal hydrides, 
which avoids the use of extra reducing agents and 
proton sources and may provide an entry to ho- 
mogeneous catalyst systems for the synthesis of 
NH; from a mixture of Nj and H>. Previously, 
various metal hydride complexes have been re- 
ported for the activation of N> (25). However, most 
of these N>-activating hydrides were mononuclear 
transition metal complexes and did not lead to 
N-N bond cleavage. A binuclear niobium tetra- 
hydride complex has been reported to enable N-N 
bond cleavage with loss of two Hz molecules, 
but the hydrogenation of the resulting nitrido 
species did not take place (26). A metal hydride 
complex that can induce both N=N bond cleav- 
age and N-H bond formation remains unknown, 
and the use of a polynuclear rather than binuclear 
metal hydride complex for the activation of N> 
has not been reported to date. In view of the fact 
that both Haber-Bosch and biological ammonia 
syntheses likely rely on the cooperation of multi- 
ple metal sites in the activation and hydrogena- 
tion of No, the investigation of the reactivity of 
multimetallic hydride complexes with N> is of 
great interest and importance. We report here a 
trinuclear titanium polyhydride complex that 
reacts with N, through N=N bond cleavage and 
N-H bond formation under mild conditions 
without additional reducing agents or proton sources. 
The Ti-bound N> activation products and some 
key reaction steps have been elucidated by 'H and 
'SN nuclear magnetic resonance (NMR), x-ray 
crystallographic, and computational studies. 
We have previously reported that the hy- 
drogenolysis of the CsMe4SiMe3-ligated half- 
sandwich rare-earth dialkyl complexes such as 
[(CsMe4SiMe3)Ln(CH2SiMe3)o(THF)] (Ln indi- 
cates Sc, Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, or Lu; Me, 
methyl group; and THF, tetrahydrofuran) with 
H;, could easily afford the corresponding tetranu- 
clear rare-earth octahydride complexes of a gen- 
eral formula {[(CsMe4SiMes3)Ln]4(u-H)g} (27-29). 
The analogous tetranuclear zirconium and hafnium 
octahydride complexes {[(CsMe,SiMe3)M],(u-H)gt 
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(M = Zr, Hf) could also be obtained similarly 
by the hydrogenolysis of the alkyl precursors 
[(CsMe,SiMe3)M(CH2SiMe;)3] (30). In an attempt 
to synthesize a titantum analog, we carried out 
the hydrogenolysis of the titantum alkyl complex 
[(CsMe4SiMe3)Ti(CH2SiMe3)3] (1) under similar 
conditions (4:1 H>:N> mixture at 5 atm) in an auto- 
clave. A mixed di-imido/tetrahydrido tetranuclear tita- 
nium complex {[(CsMe,SiMe3)Ti]4(3-NH),(u>-H),4} 
(2) was obtained in 90% yield as dark purple crys- 
tals (Fig. 1A), whereas the expected octahydride 
complex {[(CsMe,SiMe3)Ti]4(u-H)g} was not 
observed. In this reaction, one N> molecule was 
formally reduced to two [NH] imido units by H). 
The hydrogenolysis of 1 in the presence of !*N> 
afforded the isotopically enriched '*N-imido 
complex {[(CsMe4SiMes)Ti]4(t13-'"NH)p(t2-H)4} 
(2-'°N) ['°(N NMR, with a chemical shift in parts 
per million (8) of 52.7 (using MeNOj as a stan- 
dard reference) and a coupling constant of NH 
(nu) = 66.5 Hz]. Similarly, the reaction of 1 with 
D, and N> gave the corresponding deuterated 
analog. {[(CsMe,SiMes)TiJ,(j1xND)x(ix-D)4} (2-de). 
These results suggest that the NH imido units in 2 
are formed by the hydrogenation of molecular 
nitrogen with H). Protonolysis of 2 and 2-'5N with 
anhydrous hydrochloric acid almost quantitatively 
afforded almost NH,Cl and '"NH,Cl, respectively, 
together with the formation of [(CsMe,SiMe3) 
TiCly]. 

To further clarify the mechanism for the for- 
mation of 2, we then carried out the hydrogenolysis 
of 1 with H, (4 atm) under N>-free conditions, which 
afforded a nitrogen-free trinuclear titanium hepta- 
hydride complex {[(CsMe,SiMes3)Ti]3(U3-H)(U2-H)g} 
(3) in 69% yield as dark brown crystals (Fig. 1A) to- 
gether with a small amount of the tetranuclear titanium 
octahydride complex {[(Cs;Me,SiMe3)Ti]4(U1-H)g} 
(4) (10%, dark purple crystals) (37). An x-ray 
diffraction study revealed one t13-H and six 2-H 
ligands in 3, with each Ti atom also coordinated 
by a CsMe,SiMes; ligand (Fig. 1B). Formally, one 
of the three Ti atoms in 3 should be in the 4+ 
oxidation state, and two Ti atoms should be in the 
3+ oxidation state in view of the total negative 
charge (10 ) of all the ligands. However, there is 
no significant difference in the three Ti-Ti sepa- 
ration distances, which exhibit an average value 
(2.6479 A) comparable with those found in the 
Ti) hydride complexes reported to have metal— 
metal bonding interactions (32). A density func- 
tional theory (DFT) study on a model compound 
{{(CsH4SiHs)Ti}s(us-H)(2-H)6} (3m) implied 
that the electron cloud of the highest occupied 
molecular orbital (HOMO) is delocalized among 
the three Ti metals, with Wiberg bond indexes 
(WBI) for the Ti-Ti bonds of 1.1058 (Ti1—Ti2), 
1.1213 (Til-Ti3), and 1.1233 (Ti2—Ti3), respectively, 
consistent with Ti-Ti bonding interactions in 3. 

In agreement with the presence of Ti(III)— 
Ti(II) bonding interactions observed by the x-ray 
and DFT analyses, 3 exhibited diamagnetic be- 
havior and showed well-resolved signals in the 
'H NMR spectrum in toluene-dy. The seven hy- 
drides appeared equivalently as a singlet at dy 
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2.66 over a temperature range from 22° to —80°C, 
suggesting rapid [12-H/u3-H site exchange. 

The tetranuclear Ti(III) octahydride complex 
4 is an analog of the zirconium and hafnium 
complexes {[(CsMe4SiMe3)M]4(u-H)g} reported 
previously (30), neither of which showed activity 
toward N> at room or even high temperatures 
(~120°C). In contrast, the trinuclear mixed val- 
ance Ti(II])/Ti([V) heptahydride complex 3 showed 
high reactivity with No, affording the imido/nitrido 
complex. {[(CsMe,SiMes)Ti]3(U2-NH)(U3-N)(H2-H)p} 
(5) in 91% yield as dark blue crystals, upon exposure 
to a No atmosphere (1 atm) at room temperature 
for 12 hours (Fig. 1B). Single crystals of 5 suit- 
able for x-ray diffraction study were obtained by 
recrystallization in THF. In the solid-state struc- 
ture, the nitrido atom (N1) is bonded to three Ti 
atoms, with one N-Ti bond [N1-Til: 2.071(5) A] 
significantly longer than the other two almost 
equivalent N—Ti bonds [N1—Ti2: 1.853(5), N1-Ti3: 
1.883(5) A] (Fig. 1B). The NH imido ligand (N2) 
bridges one of the three Ti-Ti sides of the Tis tri- 
angle [Ti2-N2: 1.937(6), Ti3-N2: 1.926(6) A], and 
the other two Ti-Ti sides are each bridged by a 


Fig. 1. Nz activation by Ti 


us-H ligand [Til-H1: 1.91(4), Ti3-H1: 1.90(4) A; 
Til-H2: 1.92(4), Ti2-H2: 1.91(4) A]. 

The reaction of 3 with '°N> under the similar 
conditions afforded the corresponding '°N-enriched 
complex {[((CsMe,SiMes)Ti]s(2-'°NH)(U3-'°N\(u2- 
H)} (5-'°N), confirming that the imido and 
nitrido units in 5 are formed by the reduction of 
N>. The '"N NMR spectrum of 5-'5N in THF-ds 
at —50°C showed two broad signals at 5 402.9 
and 6 46.9, which are assignable to the nitrido 
(t13-V) and imido (u-NH) units, respectively (33). 
The 'H NMR spectrum of 5-'"N at —50°C showed 
a doublet at 6 17.62 with Jxy = 63.6 Hz for the 
imido group. 

To gain more information on the formation of 
5, we monitored the reaction of 3 with '°N> by 
'H and '°N NMR spectroscopy in THF-ds at 
low temperatures (Fig. 2). The reaction of 3 with 
'SN, took place even at —30°C, leading to forma- 
tion of a dinitrogen complex {[(CsMe,SiMe;3)Ti]3- 
(u-n!?n7-'°N5)(u-H)s} (7-'N) with release of 
two equivalents of H2 (observed at 5; 4.5) [the 
x-ray structure of a trimetallic Ti N. complex 
was reported recently; see (34)]. In this process, 


NEN was formally reduced to [N* —N ] by 
four electrons generated by reductive elimination 
of two molecules of Hy from 3. The "N NMR 
spectrum of 7-'5N at —30°C showed two doublets 
at dy 73.1 and 262.9 with Jun = 21.5 Hz. This Jxn 
value and the large difference in chemical shift be- 
tween the two '"N NMR signals of 7-'*N are com- 
parable to those observed in the binuclear tantalum 
end-on-side-on dinitrogen complex {[NPN]TaH},N> 
{where [NPN] = PhP(CH2SiMe2NPh)>, dy —20.4 
and 163.6, and Jyn = 21.5 Hz} (35). The three 
hydride ligands in 7-'°N gave two singlets with 
a 1:2 integration ratio at dy; 9.73 (1 H) and —13.80 
(2 H) in the 'H NMR spectrum at —30°C. When 
the temperature was raised from —30° to —10°C, 
nitrogen—nitrogen bond cleavage took place to give 
the dinitrido (N°) complex {[(CsMe,SiMes)Ti]; 
(u3-N)(2-N)(H2-H)3} (8-'*N) almost quantitatively 
in 2 hours with disappearance of 7-'SN. This 
transformation was accompanied by the oxida- 
tion of the two Ti(III) sites to two Ti(IV) units. 
The '°N NMR spectrum of 8-'°N at—50°C showed 
two singlet peaks at dy 593.4 and 444.8, which 
could be assigned to the two bridging nitrido 
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ligands. No cross-peak with any protons was ob- 
served by 'H-'°N two-dimensional NMR spectros- 
copy. The three hydride units in 8-'5N showed one 
triplet and one doublet at 5; 4.65 (1 H) and 2.67 
(2 H) with Jyy = 28.0 Hz, respectively, in the YW 
NMR spectrum at —70°C. When the temperature 
was raised to 20°C, one of the two nitrido units in 


8-'5N was hydrogenated (or protonated) by an H 
ligand, yielding the mixed imido/nitrido/dihydrido 
complex 5-'5N. In this reaction, a hydride (H_) is 
oxidized to a proton (H™ ), whereas the two Ti(IV) 
ions bridged by the hydride are formally reduced 
to Ti(II]) (Fig. 2A), demonstrating that a hy- 
dride ligand can serve as a formal proton source 
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Fig. 2. NMR monitoring of reaction kinetics of 3 with N2. (A) Observed intermediates in the reaction 
with *°N,: oxidation states of the Ti metals are assigned formally. (B) Conversion versus time curves at the 
indicated temperatures. The solid lines are interpolations of the experimental data. 
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Fig. 3. Computational analysis of the reaction of 3 with N.. (A) Coordination of N, could occur at 
the Ti3 atom through interaction of the LUMO of 3m and the HOMO of Np. (B) DFT calculated energy 
profile for the reaction of 3m with Nz. The C;H,SiH3 ligands have been omitted for clarity. 
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through metal reduction. The related N-H bond 
formation in the reactions of zirconium-N, and 
hafnium silylimido species with H2 has been re- 
ported previously (/5, 17, 36). 

To have a better understanding of the mecha- 
nistic details, we performed DFT computations on a 
model compound of 3, namely [(CsH4SiH3)3Ti3H7] 
(3m). The Kohn-Sham orbital analysis revealed 
that the lowest unoccupied molecular orbital 
(LUMO) of 3m concentrates on the Ti3 atom, 
facilitating access of N> in an end-on manner (Fig. 
3A) (37). After the coordination of N> to Ti3, 
the rearrangement of some hydride ligands takes 
place, leading to release of one molecule of Hz 
and formation of the pentahydride/dinitrogen 
complex [(CsH,SiH3)3TisHs(u-n':17-N2)] (3m'-N), 
in which the dinitrogen is bonded to two Ti atoms 
(Ti2 and Ti3) in a side-on-end-on fashion (Fig. 3B). 
The whole process is exergonic by 3.89 kcal/mol. 
Subsequently, release of another molecule of 
H, from 3m’-N takes place to give the trihydride/ 
dinitrogen complex [(CsH,SiH3)sTisHx(-y'91°7-No)] 
(7m), which is equivalent to the dinitrogen com- 
plex 7-'N observed experimentally. The N-N 
bond cleavage in 7m then occurs via a transi- 
tion state TS, to give the dinitrido complex 
[(CsH4SiH3)3Ti3H3(U3-N)(U2-N)] (8m). This pro- 
cess is accompanied by migration of a Ti-H bond 
from Ti3 to Til. The subsequent migration of a 
o-H ligand, which bridges Til and Ti2, to the 
U-N nitrido atom in 8m affords the imido/nitrido 
product [(CsH4SiH3)3Ti3Ho(U3-N)(H2-NH)] (5m). 
To see whether N—H bond formation could pre- 
cede N-N bond cleavage, we also computed the 
energetics of migration of an H atom to an N atom 
in 7m (dashed line, Fig. 3B). However, this reaction 
path requires overcoming an energy barrier as high 
as 47.55 kcal/mol and is therefore kinetically less 
favorable. These computational results are in good 
agreement with the experimental observation of the 
dinitrido/trihydrido intermediate species 8-'"N as 
described above (Fig. 2). 

The sequential N-N bond cleavage and N-H 
bond formation observed in the present reaction 
of the titanium hydride cluster 3 with N> stands in 
contrast with the reaction mechanisms previously 
observed in other homogeneous or surface- 
supported organometallic N>-activating systems 
or the FeMo nitrogenase enzymes, in which N-H 
bond formation generally took place before N-N 
bond cleavage (5, 38). In the heterogeneous 
Haber-Bosch process, N> reduction is also thought 
to take place on the catalyst surface first through 
NEN bond cleavage then followed by hydrogen- 
ation of the resulting nitrido species (8, 38), al- 
though details are not clear because of the difficulty 
in identifying the true active sites and reaction 
intermediates. 

The dihydrido/imido/nitrido complex 5 is sta- 
ble at room temperature. However, when it was 
heated at 180°C under N> (1 atm) overnight, 
further incorporation and reduction of N> took 
place to give the tri-imido/nitrido complex 
{[(CsMe4SiMes3)Ti]3(H3-N)(H2-NH)3} (6) in 85% 
yield. When 5 was heated with '°N> under the 
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same conditions, the '*N-enriched analog 
{[(CsMe,SiMe,)Ti](3-'°N)(Uo-'°NH)(t>-NH)>} 
(6-'°N2) was obtained (Fig. 1B). The "N NMR 
spectrum of 6-'SN, showed a singlet at 8y 424.6 
and a doublet at dy 101.3 with Jnq = 64.0 Hz, 
which could be assigned to a L3-N nitrido and a 
lo-NH imido unit, respectively. These results 
suggest that the newly incorporated N> molecule 
is split into a [13-N nitrido unit and a p1-NH imido 
unit, whereas the nitrido unit originally existing 
in 5 is hydrogenated to a U2-NH imido group. No 
apparent reaction between 5 or 6 and H; (up to 
8 atm) was observed at room or higher temper- 
atures (up to 150°C). However, when the hydro- 
genolysis of the trialkyl complex 1 with Hz was 
carried out in the presence of 1 equiv of 5, the 
tetranuclear di-imido complex 2 was formed quan- 
titatively (Fig. 1B), possibly through hydrogena- 
tion of the nitrido group of 5 with a mononuclear 
Ti hydride species such as (CsMe,SiMe3)TiH3 
formed in situ by hydrogenolysis of 1 (39). These 
results could account for the formation of 2 in the 
hydrogenolysis of 1 with H, in the presence of Nz 
(Fig. 1A), in view of the facile formation of 3 in 
the hydrogenolysis of 1 in the absence of N> and 
the high reactivity of 3 with N; to give 5. Although 
the origin of the unusually high reactivity of the 
trinuclear mixed valence Ti([V)/Ti(I) heptahy- 
dride complex 3 is subject to further studies, our 
findings demonstrate that hydride ligands in a 
metal hydride cluster can serve as the source of 
both electron and proton and that multimetallic 
transition metal hydride complexes can serve as a 
platform for nitrogen fixation. 
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The Origin of Lunar Mascon Basins 


H. J. Melosh,”:2* Andrew M. Freed,? Brandon C. Johnson,” David M. Blair,” 
Jeffrey C. Andrews-Hanna,* Gregory A. Neumann,’ Roger J. Phillips,” David E. Smith,° 
Sean C. Solomon,””® Mark A. Wieczorek,’ Maria T. Zuber® 


High-resolution gravity data from the Gravity Recovery and Interior Laboratory spacecraft have 
clarified the origin of lunar mass concentrations (mascons). Free-air gravity anomalies over lunar 
impact basins display bull’s-eye patterns consisting of a central positive (mascon) anomaly, a 
surrounding negative collar, and a positive outer annulus. We show that this pattern results from 
impact basin excavation and collapse followed by isostatic adjustment and cooling and contraction 
of a voluminous melt pool. We used a hydrocode to simulate the impact and a self-consistent 
finite-element model to simulate the subsequent viscoelastic relaxation and cooling. The primary 
parameters controlling the modeled gravity signatures of mascon basins are the impactor 
energy, the lunar thermal gradient at the time of impact, the crustal thickness, and the extent 


of volcanic fill. 


igh-resolution gravity data obtained from 
NASA’s dual Gravity Recovery and In- 
terior Laboratory (GRAIL) spacecraft 
now provide unprecedented measurements of 
the gravity anomalies associated with lunar 


impact basins (/). These gravity anomalies are 
the most striking and consistent features of the 
Moon’s large-scale gravity field. Positive gravity 
anomalies in basins partially filled with mare 
basalt, such as Humorum (Fig. 1), have been 


known since 1968, when lunar mass concentra- 
tions, or “mascons,” were discovered (2). Mascons 
have subsequently been identified in association 
with impact basins on Mars (3) and Mercury (4). 
Previous analysis of lunar gravity and topogra- 
phy data indicated that at least nine such mare 
basins possess central positive anomalies, ex- 
ceeding that attributable to lava emplacement 
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alone (5). This result is confirmed with GRAIL 
observations over basins that lack basaltic in- 
filling, such as Freundlich-Sharonov (Fig. 1), 
which are also characterized by a central posi- 
tive free-air gravity anomaly surrounded by a 
concentric gravity low. These positive anomalies 
indicate an excess of subsurface mass beyond 
that required for isostatic (mass) balance—a 
“superisostatic” state. Mascon formation seems 
ubiquitous in lunar basins, whether mare-filled 
or not, despite their formation by impacts (a pro- 
cess of mass removal that leaves a topographic 
low, which normally implies a negative gravity 
anomaly), making mascons one of the oldest 
puzzles of lunar geophysics. Their elucidation 
is one of the goals of the GRAIL mission. 

The gravity anomaly structure of lunar mascon 
basins was previously attributed to mantle re- 
bound during collapse of the transient crater 
cavity (5, 6). This process requires a lithosphere 
beneath the basin capable of supporting a super- 
isostatic load immediately after impact, a proposal 
that conflicts with the expectation that post-impact 
temperatures were sufficiently high to melt both 
crustal and mantle rocks (7). Alternatively, it 
was proposed (8) that mascons are created by 
flexural uplift of a thickened annulus of sub- 
isostatic (a deficiency of the subsurface mass re- 
quired for isostasy) crust surrounding the basin, 
concomitantly lifting the basin interior as it cooled 
and the underlying lithosphere became stronger. 
This alternative model emphasizes the annulus of 


Fig. 1. Free-air gravity anomalies 
over (A) the mare-free Freundlich- 
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anomalies and associated 1-SD ranges 
were derived from averages of the 
data within concentric rings at differ- 
ent radial distances. The black lines 
represent the predicted gravity anom- 
aly just after impact and transient 
cavity collapse, from the hydrocode 
calculation. The red lines represent 
the predicted anomaly after iso- 
static response and cooling, a state 
which is appropriate for comparison 
with the Freundlich-Sharonov data. 
The blue line in (D) represents the 
predicted gravity anomaly after mare 
emplacement in the Humorum basin 
and is appropriate for comparison 
with data from that basin. 


Free-air gravity 
anomaly (mGal) 


| | 
£ pe) 
fo) fo) 
fo) fo) 


anomalously low gravitational acceleration sur- 
rounding all mascons (Fig. 1) (/, 9, /0), a feature 
previously attributed to thickened crust (5, 6) or 
perhaps brecciation of the crust during impact. 
Many mascons also exhibit an annulus of positive 
gravitational acceleration surrounding the annu- 
lus of negative gravity anomaly, so the gravity 
structure of most lunar basins resembles a bulls- 
eye target (Fig. 1). 

The role of uplift in the formation of mascon 
basins has been difficult to test because little is 
known about the mechanical state of basins im- 
mediately after cavity collapse. Here, we couple 
GRAIL gravity and lunar topography data from 
the Lunar Orbiter Laser Altimeter (LOLA) (//) 
with numerical modeling to show that the gravity 
anomaly pattern of a mascon is the natural con- 
sequence of impact crater excavation in the warm 
Moon, followed by post-impact isostatic adjust- 
ment (/2) during cooling and contraction (/3) of 
a voluminous melt pool. In mare-filled basins, this 
stage in basin evolution was followed by emplace- 
ment of mare-basalt lavas and associated sub- 
sidence and lithospheric flexure. 

We used the axisymmetric iSALE hydrocode 
(14-16) to simulate the process of crater ex- 
cavation and collapse. Our models used a typ- 
ical lunar impact velocity of 15 km/s (/7) anda 
two-layer target simulating a fractured gabbroic 
lunar crust (density = 2550 kg/m’) (7/8) and a 
dunite mantle (3200 kg/m?). Our objective was to 
simulate the cratering process that led to the 
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Freundlich-Sharonov and Humorum basins, 
which are located in areas where the crustal thick- 
ness is 40 and 25 km, respectively, as inferred 
from GRAIL and LOLA observations (78). We 
sought a combination of impactor diameter and 
lunar thermal gradient that yielded an annulus 
of thickened crust at a radius of ~200 km, a result 
which is consistent with the annulus of negative 
free-air gravity anomaly around those basins. 
The dependence of material strength on tem- 
perature and pressure has the most marked ef- 
fect on the formation of large impact basins (/9). 
With little certainty regarding the temperature— 
depth profile of the early Moon or the diameter 
of the impactor, we considered impactor diam- 
eters ranging from 30 to 80 km and three pos- 
sible shallow thermal gradients (20)—10, 20, 
and 30 K/km—from a 300 K surface. To avoid 
melted material in the mantle, the thermal pro- 
file was assumed to follow that for a subsolidus 
convective regime (0.05 K/km adiabat) at tem- 
peratures above 1300 K. We found that impact 
at vertical incidence of a 50-km-diameter impac- 
tor in conjunction with a 30 K/km initial thermal 
gradient best matched the extent of the annular 
gravity low and led to an increase in crustal thick- 
ness of 10 to 15 km at a radial distance of 200 to 
260 km from both basin centers (Fig. 2), despite 
the differences in initial crustal thickness (2/). 
A crucial aspect of the model is the formation 
of the subisostatic collar of thickened crust sur- 
rounding the deep central pool of melted mantle 


Humorum 


310°E = =320°E—- 3330°E-—s 340°E 


post-mare 
L< emplacement 


500 0 


100 200 300 400 
Distance from basin center (km) 


500 


www.sciencemag.org SCIENCE VOL 340 28 JUNE 2013 


Downloaded from www.sciencemag.org on June 27, 2013 


1553 


REPORTS 


rock. The crust is thickened as the impact ejects 
crustal material onto the cool, strong, preexisting 
crust. The ejected material forms a wedge ~15 km 
thick at its inner edge that thins with increasing 
distance from the center. The preexisting crust 
is drawn downward and into the transient crater 
cavity because of a combination of loading by 
ejecta and inward flow of the underlying mantle, 
deforming it into a subisostatic configuration. 
This arrangement is maintained by the frictional 
strength of the cool (but thoroughly shattered) 
crust, as well as by the viscoelastic mantle that re- 
quires time to relax. It is the subsequent relaxation 
of the mantle that leads to a later isostatic ad- 
justment. The result is a thick, low-density crustal 
collar around the central hot melt pool that is ini- 
tially prevented from mechanically rebounding 
from its disequilibrium state. The higher thermal 
gradient of 30 K/km, somewhat counterintuitively, 
yields a thicker subisostatic crustal collar than the 
thermal gradients of 10 and 20 K/km. This differ- 
ence occurs because the weaker mantle associ- 
ated with a higher thermal gradient flows more 
readily during the collapse of the transient crater, 
exerting less inward drag on the crustal collar, 
which consequently experiences less stretching 
and thinning. 

Calculations suggest that the impact into rel- 
atively thin crust at Humorum basin fully ex- 
posed mantle material in the central region of 
the basin (Fig. 2B), whereas a ~15-km-thick 
cap of crustal material flowed over the central 
region of the Freundlich-Sharonov basin (Fig. 2A). 
This crustal cap was warm, weak, lower crustal 
material that migrated to the basin center during 
crater collapse (fig. S1). At the end of the crater 
collapse process, the basins (defined by their 
negative topography) were 6 to 7 km deep out to 
150 km from the basin center, with shallow 
negative topography continuing to a radial dis- 
tance of 350 to 400 km, approximately twice the 
excavation radius. A substantial melt pool, defined 
as mantle at temperatures above 1500 K, de- 
veloped in both basins. This melt pool extended 
out to ~150 km from the basin center and to more 
than 100 km depth (Fig. 2). 

To model the subsequent evolution of the 
basins, we used the finite element code Abaqus 
(22, 23). We developed axisymmetric models of 
the Humorum and Freundlich-Sharonov basins 
from the hydrocode output, adjusting the thermal 
structure of the melt to account for rapid post- 
impact convection and thermal homogenization 
of the melt pool. The density of solid and liquid 
silicate material was calculated from the bulk 
composition of the silicate Moon (2/, 24). 

Our models (Fig. 1, C and D) show that the 
depressed basin topography, the thickened crustal 
collar, and the lower density of heated material 
combine to create a substantial negative free-air 
gravity anomaly at the basin centers (2/). The 
post-impact free-air anomaly is slightly positive 
outside of the basin owing to ejecta supported 
by the cool, strong crust and mantle. The overall 
shape of the modeled post-impact free-air gravity 


anomaly is similar to that observed but is much 
more negative, suggesting that the general pattern 
of the observed gravity anomaly is the result of 
the impact, but that subsequent evolution of the 
basin drove the central anomalies positive. 

As the impact-heated mantle beneath the ba- 
sin cooled, the pressure gradient from its exterior 
to its interior drove viscoelastic flow toward the 
basin center, uplifting the basin floor. The inner 
basin (where the central mascon develops) can- 
not rise above isostatic equilibrium solely because 
of forces from its own subisostatic state. How- 
ever, mechanical coupling between the inner and 
outer basin—where the collar of thickened crust 
was also rising isostatically—provided additional 
lift to the inner basin floor, enabling it to achieve 
a superisostatic state. This mechanical coupling is 


Fig. 2. Vertical cross sec- 
tion of crust and mantle 
geometry and thermal 
structure after crater col- 
lapse (2 hours after impact) 
for the (A) Freundlich- 
Sharonov basin (40-km- 
thick original crust) and (B) 
Humorum basin (25-km- 
thick original crust), ac- 
cording to the hydrocode 
calculation. 
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achieved if the lithosphere above the melt pool 
thickened sufficiently as it cooled. In the case of 
the Freundlich-Sharonov basin, the 15-km-thick 
layer of cool crust provided an initial (if thin) 
lithosphere from the beginning, which thickened 
as the underlying mantle cooled. For Humorum 
basin, the melt pool reached the surface and thus 
there was initially no lithosphere, although one 
developed during cooling. Our calculations show 
that if the viscosity of the mantle outside the melt 
pool is consistent with dry dunite, its viscoelastic 
strength would delay isostatic uplift of the basin 
floor so that lithospheres sufficient for develop- 
ment of a mascon develop over the melt pools in 
both basins. In addition to these isostatic forces, 
cooling increases the density of the melt through 
contraction; given a strong lithosphere that hin- 
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Fig. 3. Vertical displacement calculated by the finite element model relative to the initial post-crater- 
collapse configuration predicted by the hydrocode for the unfilled (A) Freundlich-Sharonov basin and (B) 
Humorum basin. The deformation is exaggerated by a factor of 10. 
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ders the sinking of this higher-density material, 
this process further increases the gravity anomaly 
at the basin center. The net effect is that isostatic 
uplift of the surrounding depressed surface to- 
pography and crustal collar, combined with cool- 
ing and contraction of the melt pool, create the 
central positive free-air anomaly. The flexural 
strength that enables the inner basin to rise into 
a superisostatic state prevents the outer basin 
from fully rising to isostatic equilibrium, leaving 
the observed ring of negative free-air anomaly 
that surrounds the inner basin. 

Isostatic uplift raised the surface topography 
of the Freundlich-Sharonov basin by ~2 km at 
the center of the basin (Fig. 3A). These effects 
place the final basin depth at just over 4 km, a 
value which is consistent with LOLA elevation 
measurements (//, 2/). For the Humorum basin, 
the inner basin was calculated to rise ~3 km (Fig. 
3B). This uplift distribution would have left the 
Humorum basin ~4 km deep before mare fill. 
Infilling of a 3-km-thick mare unit and associated 
subsidence brings the floor depth of the Humorum 
basin to just over 1.5 km deep, modestly deeper 
then the 1 km depth measured by LOLA (2/). 

The free-air gravity anomalies of both basins 
increased markedly after crater collapse as a re- 
sult of cooling and isostatic uplift. The free-air 
anomaly of the Freundlich-Sharonov basin is 
predicted to have risen to a positive 80 mGal in 
the inner basin and —200 mGal in the outer basin 
above the thickened crust, which are figures in 
excellent agreement with GRAIL observations 
(Fig. 1C, red line) (/). Furthermore, the model 
predicts an outer annulus of positive anomalies, 
which is also in agreement with observations. A 
similar post-impact increase in the free-air anom- 
aly is observed in our model of Humorum basin 
(Fig. 1D, red line), although this gravity anomaly 
cannot be verified because the Humorum basin 
was subsequently partially filled with mare ba- 
salt. Our results support the inference that lunar 
basins possess a positive gravity anomaly in 
excess of the mare load (5). As a final step in our 
analysis, we emplaced a mare unit 3 km thick and 
150 km in radius (tapered to zero thickness 
over the outermost 50 km in radial distance) 
within the Humorum basin. The addition of the 
mare increases the mascon at the center of the 
Humorum basin to 320 mGal (Fig, 1D, blue line), 
matching GRAIL measurements (/). 

This basin evolution scenario depends pri- 
marily on the energy of the impactor, the thermal 
gradient of the Moon at the time of the impact, 
and the thickness of the crust. A high thermal 
gradient enables weaker mantle to flow more 
readily during the collapse of the transient crater, 
resulting in less inward motion and thinning of 
the crust. In contrast to hydrocode parameters 
that control crater excavation and collapse, such 
as the energy of the impactor and the initial ther- 
mal gradient, the close match of our predicted 
free-air gravity anomalies to those observed by 
GRAIL is not a product of finding a special com- 
bination of finite-element model parameters as- 


sociated with isostatic uplift and cooling. These 
processes are controlled by the evolution of the 
density and viscosity structure in the model, which 
follow from the mineralogy of the lunar crust and 
mantle and the evolution of temperature as the 
region conductively cools. 
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Continuous Permeability Measurements 
Record Healing Inside the Wenchuan 
Earthquake Fault Zone 


Lian Xue,*?* Hai-Bing Li,” Emily E. Brodsky, Zhi-Qing Xu,” Yasuyuki Kano,? Huan Wang,” 
James J. Mori,? Jia-Liang Si,? Jun-Ling Pei,* Wei Zhang,2> Guang Yang,” 


Zhi-Ming Sun,’ Yao Huang’ 


Permeability controls fluid flow in fault zones and is a proxy for rock damage after an earthquake. 
We used the tidal response of water level in a deep borehole to track permeability for 18 months in 
the damage zone of the causative fault of the 2008 moment magnitude 7.9 Wenchuan earthquake. 
The unusually high measured hydraulic diffusivity of 2.4 x 10~* square meters per second implies a 
major role for water circulation in the fault zone. For most of the observation period, the permeability 
decreased rapidly as the fault healed. The trend was interrupted by abrupt permeability increases 
attributable to shaking from remote earthquakes. These direct measurements of the fault zone reveal a 
process of punctuated recovery as healing and damage interact in the aftermath of a major earthquake. 


he initiation and propagation of earth- 
quakes depend critically on the hydrogeo- 
logic properties of the fault zone, including 

the fracture-dominated damage zone (/—6). Fault 


zone permeability serves as a proxy for fractur- 
ing and healing, as the fault regains strength 


during one of the most unconstrained phases of the 
earthquake cycle (7). In addition, permeability 
and storage help to govern the pore pressure and 
effective stress on a fault. Because earthquakes 
generate fractures in a damage zone around a 
fault, it is reasonable to expect that after a large 
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earthquake, the fault zone permeability transi- 
ently increases. Over time, the permeability may 
decrease as a result of a combination of chemical 
and mechanical processes (7). However, measur- 
ing in situ fault zone hydrogeologic properties 
requires post-earthquake rapid-response drill- 
ing, and appropriate data have not previously 
been recorded continuously immediately after a 
large earthquake. 
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Fig. 1. Location and sketch of the WFSD-1 site. 
Red lines in the inset indicate the main rupture 
zone; the red star is the epicenter of the Wenchuan 
earthquake. In the sketch, the black line is the fault 
core, which is surrounded by the damage zone. The 
borehole is 1201 m deep, and 800 to 1201 m is 
the open interval where water can flow into the 
hole from the formation (white arrows). The fault 
that was most likely active during the Wenchuan 
earthquake is the major lithological boundary 
between the pre-Cambrian Pengguan complex and 
the Triassic sediments at 590 m. 


The devastating moment magnitude 7.9 
Wenchuan earthquake occurred on 12 May 2008 
and was the largest seismic event in China in the 
past 50 years. Shortly afterward, the Wenchuan 
earthquake Fault Scientific Drilling Project (WFSD) 
constructed a series of boreholes penetrating the 
main rupture zone. The first borehole (WSFD-1; 
31.1°N, 103.7°E) is 1201 m deep and nearly ver- 
tical, in a locale with 6 m of vertical displacement 
at the surface (8). The borehole is open to fluid 
flow in the formation below 800 m (Fig. 1) and 
provides a unique opportunity to directly measure 
fault zone permeability over time. The borehole in- 
tersects the likely principal slip zone at a depth of 
590 m, which is a major lithological boundary be- 
tween the upthrust Pre-Cambrian Pengguan gra- 
nitic and volcanic complex and the underlying 
Triassic sediments (8, 9). The fault breccia extends 
to 760 m, and the fracture density remains high to 
the bottom of the borehole (8). Mature faults have 
damage zones extending at least ~100 m from the 


103°E 


edge of the fault core (/0). Therefore, the damage 
zone of this site is expected to extend into the 
open interval beginning at 800 m. 

We measured the water level response to tidal 
forcing in WFSD-1 to constrain the average hy- 
drogeologic properties of the damage zone be- 
tween 800 and 1200 m below the ground surface 
[~200 to 600 m below the principal slip zone 
(8, 9)]. We used these measurements to infer the 
hydraulic diffusivity and permeability variations 
inside the Wenchuan earthquake fault zone from 
1 January 2010 to 6 August 2011. The WFSD-1 
pressure transducer recorded data with a sample 
rate of 2 min and at a resolution of 6 mm (Fig. 2). 
Data gaps occurred every month or two, when the 
instruments were removed from the well to re- 
trieve the data and measure temperature profiles. 
The raw records show clear tidal oscillations super- 
imposed on the long-term recharge trend (Fig. 2). 

The tidal oscillations serve as probes of the 
fault’s hydrogeologic properties. The tidal forcing 
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Fig. 2. Water levels from WFSD-1 recorded from 1 January 538 
2010 to 6 August 2011. The oscillations in the inset are gen- 525.3 
erated by Earth tides. The precision of the water level measure- 
ment is 6 mm. Water level is assumed to be continuous across 536 oo 1 
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Fig. 3. Water level response relative to semidiurnal tidal dilatation 
strain. (A) Phase lag; (B) amplitude response. Values were calculated 
using a Bayesian Monte Carlo Markov chain inversion method in the time 
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domain (13). The inversion was applied by 29.6-day segments overlap- 
ping by 80%, respectively. The error bars represent the 95% confidence 
interval. 
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imposes a dilatational strain on the surrounding 
rock formation that pumps water cyclically in and 
out of the well through the rock around the un- 
cased portion of the borehole below 800 m depth. 
The clear oscillations indicate that the aquifer is 
well-confined. The transmissivity and storage co- 
efficient determine the phase and amplitude re- 
sponse of the water level to the tidal loading (//). 
To first order, phase lag is inversely related to 
transmissivity, and amplitude response is propor- 
tional to storage coefficient. Using tidal response 
to measure hydrogeologic properties has two 
distinct advantages: (1) Tidal response is passive 
and records the in situ properties undisturbed by 
repeated pump tests or water injections, and (ii) 
tidal response provides a continuous record of 
temporal changes of hydrogeologic properties in 
the rocks below the main rupture zone. 

We translated the phase and amplitude re- 
sponses into transmissivity and storage coefficient 
values on the basis of the analytical solution for 
a two-dimensional isotropic, homogeneous, and 


laterally extensive aquifer (12, /3). The observed 
phase lag ranged from —20° to —30°, where 
negative values indicate that the water level 
oscillations lag behind the imposed dilatational 
strain; the amplitude response ranged from 
5.5 x 107 to 6.3 x 10’ m ' (Fig. 3). The cor- 
responding transmissivity 7 varied systematically 
over a range of 3.6 x 10° to 6.8 10 °m’s |, 
with an average value of 5.1 x 10 °m’s | (Fig. 4). 
In contrast, the storage coefficient S did not 
evolve systematically, having an average value of 
2.2 x 10 * with small fluctuations about this mean 
(standard deviation = 5.7 x 10°). The different 
behavior for storage and transmissivity is the result 
of the weak sensitivity of the solution to variations 
in storage coefficient (/2) and little real variation 
of the storage coefficient. Accordingly, we fixed S 
to the average value to more robustly solve for T 
and found that the resulting values of transmissiv- 
ity were unchanged from the original inversion 
(Fig. 4). Because of the geometrical idealizations 
of the model, the absolute values are lower bounds 


(73), although relative variations over time are 
more robust. 

For the average values of T and S over the 
observation period, the average hydraulic diffu- 
sivity, D = T/S, is 2.4 x 10 7 m? s |. On the basis 
of this observed hydraulic diffusivity, the tidal 
observations sense a zone extending ~40 m from 
the well and thus are sensitive to mesoscale 
fractures (13). The most transmissive units in the 
damage zone control the tidally driven flow. The 
estimate of D is two orders of magnitude larger 
than that of the most directly comparable post- 
earthquake fault zone study [7 x 10° m’*s!on 
the Chelungpu fault slip zone after the 1999 Chi- 
Chi earthquake from a cross-hole experiment 
(/4)]. Our diffusivity value implies that as soon 
as the currently observed level of damage 
developed during the earthquake, coseismic 
drainage was important. However, the diffusivity 
may be small enough that advective flow through 
the fault zone does not have a major impact on 
the postseismic temperature measurements that 
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Fig. 4. Hydrogeologic properties of the well-aquifer system over time. 
(A) Permeability and transmissivity; (B) storage coefficient. Values were in- 
verted from the phase and amplitude of each 29.6-day segment based on 
the analytical model (9). Segments that overlap the remote earthquakes 
(vertical dashed lines) were not inverted [see (13) for inversion results 
including these times]. The black dots denote an unconstrained inversion; 
the red dots are the results of inversion with the storage coefficient fixed to 


errors. 


a single value. Because the two separate inversions have identical results 
for transmissivity, the red dots cover the black dots in (A). The vertical 
dashed lines show the time of the selected teleseismic events, which 
correspond to sudden increases in permeability. The best-fit linear trends 
between each set of permeability increases are shown as light gray dashed 
lines. Permeability errors are estimated by propagating the range of phase 
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are another objective of post-earthquake studies 
(15). Previous modeling work has shown that 
hydraulic diffusivities comparable to the ob- 
served effective D could suppress the temper- 
ature anomaly by at most a factor of 2 relative to 
a conductively cooled model (/3, /6), and there- 
fore thermal anomalies in the fault zone could be 
observable if the fault friction is comparable to 
laboratory values. 
The effective permeability x is related to trans- 
missivity T by 
m 


~ ned (1) 


where i is the fluid dynamic viscosity, d is the 
thickness of the open interval of the well, and p is 
the density of fluid. Using 1: = 10° Pa's at 20°C, 
p=10°kgm *,g=9.8 ms *, and d=400 m, the 
average value of the effective permeability is 1.4 x 
10° m* (Fig. 4). Permeability errors are esti- 
mated by propagating the range of phase errors. 
This approach is appropriate for measuring the 
precision of the inversion, and these errors are 
useful for assessing time variability. The absolute 
value of the permeability is more strongly affected 
by the limitations of the flow model (/3). The ob- 
servation constrains the effective permeability aver- 
aged over the entire open interval and is therefore 
a lower bound for the effective permeability of 
the highly fractured regions. 

Our observed fault zone permeability is much 
larger than core-scale laboratory measurements 
of permeability from active-fault core samples 
(17), which range from 10°71? to 10°!8 m’; it is 
also larger than the previously measured average 
permeability of 1.9 x 10°'° m? for the intact 
upper Triassic rock near the Wenchuan drilling 
site (18). The difference is likely due to mesoscale 
fractures and highlights the importance of damage 
in determining the field-scale behavior (6). 

There are also substantial temporal changes in 
transmissivity, which we interpret as permeability 
changes because the formation thickness and fluid 
properties are unlikely to vary during the obser- 
vation period. During most of the study period, the 
permeability trends downward and is most easily 
interpreted as a reduction in fracture aperture and 
connectivity during the continuous evolution 
since the original earthquake. Seismic studies 
in Wenchuan suggest that damage healed over 
a protracted time after the earthquake (/9), and 
permeability does not generally evolve in time 
in the absence of a disturbance (20). The only 
candidate perturbation besides the earthquake 
is the drilling itself, which could potentially produce 
transient damage. However, drilling-induced fac- 
tures are expected to extend at most a few bore- 
hole radii away from the hole (2/) (i.e., <0.3 m) and 
cannot account for the phase change of the long- 
period tidal response that senses average proper- 
ties up to ~40 m from the borehole. 

This decreasing permeability may reflect 
the healing process of the fault zone after the 
Wenchuan earthquake due to a combination of 
fracture closure, sealing, precipitation, biogenic 


growth, and pressure solution (7). The heal- 
ing rates range from 4.1 x 10 '° m? year ! to 2.1 x 
10 '’ m’ year ', using linear fits to each interval 
between perturbation events (Fig. 4) (/3). Pre- 
vious work (22, 23) modeled fault zone healing as 
an exponential recovery process with decay times 
on the order of decades or longer. However, our 
data are best fit with much shorter exponential 
decay times of 0.6 to 2.5 years, indicating a much 
more rapid process than anticipated (table S2). The 
short exponential decay times might indicate a fast 
healing process, such as removal of props trapped 
in fractures, or crack sealing with a strongly dis- 
equilibrated fluid to allow mass transfer with the 
observed characteristic times. 

Fault zone healing has been documented in 
seismic velocity changes (24, 25) and has been 
suspected on the basis of discrete repeated ac- 
tive formation tests (26). After the 1995 Kobe 
(Hyogoken-Nanbu) earthquake, water injection 
experiments in 1997 and 2000 tracked fluid flow 
in the hanging wall 50 m from the Nojima fault 
core and found that the permeability in 2000 had 
decreased to 50% of the value in 1997 (26). Seis- 
mic studies document seismic velocity decreases 
around the fault after an earthquake continuing 
for years, which can also be interpreted as a 
consequence of fracture closure (19, 24, 25). In 
Wenchuan, the repeated seismic velocity measure- 
ments made in the first year are consistent with 
such healing (/9). 

The sudden increases in permeability result in 
an overall rate of decrease that is more gradual 
than the short-term trends by a factor of 1.5 to 
7.5. Previous work suggests that permeability 
might be enhanced by remote or regional earth- 
quakes (20, 27). Plausible mechanisms include 
fracture unclogging due to the rapid, oscillatory 
flow driven by the seismic waves as they pass 
through the fault zone (27, 28). The times of the 
four permeability increases in Fig. 4 are cor- 
related with the four teleseismic earthquakes 
that produced the largest integrated seismic 
shaking at the drilling site during the observa- 
tion period (table S2). However, like many 
hydrogeologic observations, the magnitudes of 
the perturbations are not simply proportional to 
that of the peak amplitude of the seismic wave 
(27). Most important, our observations imply 
that any physical modeling of precipitation, 
fracture closure, or any other healing process of 
a fault zone needs to match the much more rapid 
healing rate that is only visible in the continu- 
ously recorded data. 

An interplay between permeability evolution 
and fault strength has previously been suggested 
on geological and theoretical grounds (29). The 
Wenchuan earthquake Fault Scientific Drilling 
Project captured the permeability evolution in the 
critical post-earthquake period, when damage 
heals and the stage is set for the next earthquake. 
The unexpectedly high average hydraulic diffusiv- 
ity (2.4 x 10 * m’ s ') measured here also implies 
substantial fluid circulation in the evolving fault 
zone. If this value represents the hydrogeologic 
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properties during the earthquake, fluid flow should 
take place during the earthquake rupture. 
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Dynamic Topography Change of the 
Eastern United States Since 
3 Million Years Ago 
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Sedimentary rocks from Virginia through Florida record marine flooding during the mid-Pliocene. 
Several wave-cut scarps that at the time of deposition would have been horizontal are now 
draped over a warped surface with a maximum variation of 60 meters. We modeled dynamic 
topography by using mantle convection simulations that predict the amplitude and broad spatial 
distribution of this distortion. The results imply that dynamic topography and, to a lesser extent, 
glacial isostatic adjustment account for the current architecture of the coastal plain and 
proximal shelf. This confounds attempts to use regional stratigraphic relations as references for 
longer-term sea-level determinations. Inferences of Pliocene global sea-level heights or stability 
of Antarctic ice sheets therefore cannot be deciphered in the absence of an appropriate mantle 


dynamic reference frame. 


the United States is the archetypal Atlantic- 
type or passive-type continental margin 
(Z). Such margins have been thought to overlay a 
mantle that is entirely passive (2). As a conse- 
quence, passive-type margins are generally inter- 


T: continental margin of the East Coast of 


preted as having simple stratigraphic histories 
controlled by the interplay between thermally 
driven subsidence, sediment loading, compaction, 
and sea-level variations (3, 4). Flexural responses 
of the lithosphere resulting from off-shore sediment 
loading (5, 6) and, less frequently, onshore ero- 


sional unloading (7) are also recognized as poten- 
tially important (4-6). These assumptions underpin 
the rationale for the use of the U.S. East Coast 
margin in determining global long-term [> 0.1 mil- 
lion years (My)] sea-level variations (4-6, 8, 9). 

The mantle is not a passive player. Mantle 
flow influences surface topography, through per- 
turbations of the dynamic topography, in a man- 
ner that varies both spatially and temporally. As a 
result, it is difficult to invert for the global long- 
term sea-level signal and, in turn, the size of the 
Antarctic Ice Sheet by using East Coast shoreline 
data (/0). Factors that need to be considered in- 
clude flow associated with the negative buoyancy 
of the subducted Farallon slab (/0-/4) and the 
coupled shallower westward flow of hotter man- 
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Fig. 1. Post—mid-Pliocene warping and incision of the 
Coastal Plain. (A) Present topography based on ETOPO1 
emphasizing the incised, low-relief, mid-Pliocene flooding 
surface of the East Coast Coastal Plain, highlighting (black 
solid and dashed line) the locations of the Orangeburg, 


Chippenham (CS), Thornburg (TS) wave-cut scarps and Trail Lu 
Ridge (TR) and (blue dots) sites with preserved mid-Pliocene 
(Yorktown, Duplin, Chorlton, and Cypresshead Formations) 
strata. Superimposed are contours showing an estimate of 
the amplitude of the post—3-Ma change in the dynamic 
topography based on TX2007 V2 model. The dynamic to- 
pography change is shown by the contours with a 10-m 
contour interval, white where they are superimposed on the 
topography. (B) Inset graph of the height of the Orangeburg 
Scarp as a function of latitude (solid line) based on (26) and 
the highest preserved mid-Pliocene marine sedimentary 
rocks as a function of latitude (dots). (C) Contours of GIA- 
induced relative sea level change based on the V2 viscosity 
profile (supplementary text) with a 5-m contour interval. The 
Orangeburg, Chippenham, and Thornburg Scarps are 
indicated by the thick black line; the Fall Zone is the thick 
dashed gray line. 
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tle (10, 12, 15). The latter produces, at least lo- 
cally, changes in buoyancy and associated shorter 
wavelength changes in dynamic topography. Both 
factors confound local estimates of long-term sea- 
level variations (/5). 

The Coastal Plain is characterized by a se- 
quence of marine and nonmarine sedimentary 
units that range from at least Early Cretaceous to 
present in age. These units generally thicken east- 
ward to more than 12 km (/6-19). This package 
unconformably overlies pre-Mesozoic crystalline 
rocks, as well as Triassic/Jurassic rift-basin strata, 
and pinches out to the west along the Fall Zone 
(Fig. 1A). Models of the depositional architecture 
of this margin have been developed on the basis 
of combinations of seismic stratigraphy and drill- 
ing (9, 18, 19) in order to better understand its 
evolution (4—6, 20). These models have also been 
used to infer global sea-level history by solving 
for the contributions of thermal subsidence, sedi- 
ment loading and compaction, flexural loading, 
and sediment delivery while assuming that the 
only remaining unknown is the contribution from 
changes in sea level. Most attempts have fo- 


cused on the New Jersey segment of this margin 
(4-6, 9, 21). A local and temporally limited sea- 
level estimate has been made by using the mid- 
Pliocene Orangeburg Scarp as a marker (8). In 
this particular example, after correction for ~50 + 
18 m of post—mid-Pliocene uplift derived from 
a local estimate of stream incision rate (22), the 
Orangeburg Scarp has been inferred to have had 
an elevation of 35 + 18 m, which has been taken 
to indicate the height of the mid-Pliocene sea level 
(8). This height would imply collapse of the 
Greenland and West Antarctic Ice Sheets and 
potentially considerable melting of the East Ant- 
arctic Ice Sheet during the mid-Pliocene cli- 
mate optimum (23-25). However, the Pliocene 
strandline and immediately adjacent shallow ma- 
rine sediments are not preserved at constant ele- 
vation along the Coastal Plain (Fig. 1B) (26). 
Thus, the Orangeburg Scarp is not a good refer- 
ence for sea-level determinations for the Plio- 
cene. Instead, we used the scarp as a marker for 
characterizing the processes that have warped the 
continental margin subsequent to 4 to 3 million 
years ago (27). 


Dynamic Topography Change Since 3 Ma 


Fig. 2. Calculated dynamic topography change since 3 Ma. Locations of features associated with 
East Coast Coastal Plain geology after (36). The Fall Zone marks the approximate landward erosional edge 
of the Early Cretaceous to Cenozoic Coastal Plain strata. Color image is the distribution of retrodicted 
dynamic topography change based on TX 2007 V2 results. Dashed gray rectangular boxes outline the 
underlying resolution of the Simmons et al. (33, 34) joint seismic-geodynamic tomography inversion. The 
Orangeburg and correlative scarps pass over the center of the maximum of retrodicted dynamic 


topography change since 3 Ma. 


REPORTS [ 


To assess the processes responsible for the 
post-mid-Pliocene warping of this margin, we 
developed a model of the Coastal Plain that ac- 
counts for mantle dynamics (/0) and glacial iso- 
static adjustment (GIA) (28). Formation of karsts 
can also induce uplift (29). However, because 
carbonates are scarce north of Florida, we ignored 
this effect. Potential contributions from flexural 
warping because of offshore sediment loading 
and erosional unloading (7, 30) were assessed 
(supplementary text) but were deemed too un- 
certain to yield reliable estimates for the current 
analysis. In addition, it is shown below that the 
majority of the warping can be accounted for by 
dynamic topography and GIA alone. 

Our analysis focused on the variably incised, 
mid-Pliocene, low-relief flooding surface that char- 
acterizes the geomorphology of the eastern sea- 
board coastward of the Orangeburg and equivalent 
wave-cut scarps that define the landward edge of 
this surface (Fig. 1A). The Orangeburg and cor- 
relative scarps would have been horizontal at the 
time of formation; the adjacent mid-Pliocene shal- 
low marine rocks and associated flooding surface 
would have been largely undissected and would 
have sloped gently eastward in a manner com- 
parable to the moder shallow shelf. Therefore, 
the warping (Fig. 1B) and incision of this low- 
relief flooding surface primarily reflects post— 
mid-Pliocene relative uplift together with erosional 
down-cutting by rivers and streams that traverse 
the eastern Coastal Plain. A reasonable test of our 
modeling will be the retrodiction of this flooding 
surface to a configuration comparable to the mod- 
em shelf. 

We calculated global mantle convective flow 
by following the approach of (J0, 15, 31, 32) 
with the tomography models TX2007 (33) and 
TX2008 (34), in which global seismic data to- 
gether with a range of convection-related observ- 
ables (present-day surface topography, free air 
gravity, plate velocities, and core-mantle bound- 
ary excess ellipticity) were jointly inverted to yield 
the three-dimensional (3D) distribution of density 
in the mantle (34) that is consistent with seismic, 
geodynamic, and mineral physics data. The under- 
lying physical basis of this model is described in 
detail by Forte (35). We considered two different 
models of the radial distribution of viscosity, V1 
and V2 (/0, 31, 32), and these, together with the 
two different inversions (TX2007 and TX2008) 
for mantle density, provide four alternative mod- 
els for predictions of time varying dynamic to- 
pography (see supplementary materials). 

The 3D distribution of mantle buoyancy, when 
integrated with estimates of the radial distribu- 
tion of viscosity, allows the computation of the 
instantaneous global flow field (3/7). With this in 
hand, we iteratively computed a global backward 
advection solution brought forward in time with a 
full convection calculation to estimate the vertical 
stresses acting on the base of the crust arising 
from flow in the mantle (/0, 32). These time- 
dependent vertical stresses generate a globally dis- 
tributed dynamic topography that warps Earth’s 
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surface. The difference between the present-day 
dynamic topography and estimates of past dy- 
namic topography yields the change in dynam- 
ic topography as a function of time (Figs. 1 and 
2 and fig. S1). The variations in height of the 
Orangeburg Scarp and related sediments (Fig. 1B) 
is well correlated, in latitude, with our estimates 
of the dynamic topography change since 3 mil- 
lion years ago (Ma). Both are high in Florida, de- 
crease toward the north in the Southeast Georgia 
Embayment (~31°N), and then rise again farther 
north in the vicinity of the Cape Fear, Neuse, and 
Norfolk arches (Fig. 2). 

The height of the Orangeburg Scarp rises 
more quickly starting north of 32°N than the es- 
timates of dynamic topography change since 3 Ma 
(fig. S1). We attribute this misfit primarily to dif- 
ferences in the spatial scales of these data sets 
and to uncertainties in the tomography-based flow 
calculation. The joint seismic-geodynamic con- 
strained tomography model has a minimum hori- 
zontal spatial resolution of 270 km by 270 km 
(34) (Fig. 2). It thus resolves mantle heteroge- 
neity on a length scale substantially greater than 
the geological data being considered, whose var- 
iations are known to less than a kilometer resolu- 
tion. In this regard, it is important to emphasize 
that our estimates of dynamic topography change 
are derived from full global mantle convection 
solutions and have not been adjusted or in any 
way tuned to yield better fits to the observed 
warping of the Orangeburg and correlative scarps. 

Despite the longer-wavelength character of 
the seismic tomography constrained mantle flow 
calculations, there is a good spatial correlation 
between the maxima of the estimated changes in 
dynamic topography since 3 Ma and relative in- 
cision of the mid-Pliocene flooding surface (Fig. 
1). Regions in Georgia with limited retrodicted 
changes in dynamic topography are character- 
ized by limited fluvial incision into this surface. 
In contrast, farther north, where the retrodicted 
amplitude of dynamic topography change in- 
creases, the intensity of dissection increases con- 
comitantly, and both reach a maximum in the 
vicinity of Chesapeake Bay (Figs. 1 and 2). The 
amount of incision of the low-relief flooding 
surface is about 50 + 10 m in this region, in ac- 
cord with the retrodicted amplitude of dynamic 
topography change since 3 Ma. This implies 
that a large fraction of the Coastal Plain geo- 
morphology, at least shoreward of the Orange- 
burg Scarp, is a result of the interaction between 
flooding-related planation and subsequent dy- 
namic topography induced uplift and fluvial 
incision within the last 3 My. 

The principal outstanding feature of the dy- 
namic topography retrodictions is the pattern of 
variable uplift along the East Coast of the United 
States (fig. S1). The origin of this uplift can be 
directly traced to the existence of hot, buoyant 
material in the shallow (<250 km) mantle under 
this region, with additional contributions result- 
ing from the “far-field” advection of hot mantle 
rising from beneath Bermuda (figs. S2 and S3). 


The impact of this active, buoyant material on the 
upper-mantle convective flow field is shown in 
fig. S2, where one may note that the centers of 
upwelling mantle under the eastern margin of the 
United States are directly correlated with (and 
contributing to) the pattern of recent, post- 
Pliocene uplift of the coastal plain (fig. S3). We 
conclude that this aspect of the mantle flow field 
has played a large role in the topographic evo- 
lution of the eastern seaboard. 

GIA refers to the deformational, gravitation- 
al, and rotational adjustment of Earth in conse- 
quence of the Late Pleistocene glacial cycles. 
The U.S. East Coast is mostly located on the pe- 
ripheral bulge of the Laurentide ice complex, 
and it has been continuously subsiding since 
the end of the last glacial maximum at 21 thou- 
sand years ago (28). A numerical simulation of 
the GIA process (see supplementary text) based 
on the V2 model predicts a variation of ~15 m of 
the current topography along the Orangeburg 
Scarp, sensu stricto, and an additional ~20 m 
along the Chippenham and Thornburg Scarps 
farther north (Fig. 1C). The total along-strike 
variation is ~35 m. However, uncertainty in the 


40° 


36° 


32° 


28° 


84° 


80° 


Laurentide ice history and, in particular, the radial 
profile of mantle viscosity can lead to changes 
(~10 to 25 m) in the predicted amplitude of the 
GIA signal (27) (fig. S6). 

We retrodicted the paleogeography of the East 
Coast of the United States at maximum flooding 
by subtracting contributions from GIA and dy- 
namic topography change since 3 Ma from the 
present topography (Fig. 3). On a regional scale, 
there is good correspondence between geological 
data that constrain the known distribution of ma- 
rine mid-Pliocene sediments, inferred shoreline 
positions based on the geology (27, 36), and the 
position of the retrodicted shoreline relative to 
present sea level. This correspondence suggests 
that dynamic topography and GIA can account 
for the vast majority of the warping of the 
Orangeburg and correlative scarps and the low- 
relief flooding surface. 

Models that retrodict only dynamic subsidence 
of the U.S. East Coast (//, 13, 14) over this time 
interval are not compatible with the observed ge- 
ology. Furthermore, these models (/3, /4) track 
mantle flow over long time scales (>50 My) start- 
ing from the present, and thus any misfit with more 


fe 


Fig. 3. Retrodicted paleogeography of the Coastal Plain at 3 Ma. Paleogeographic reconstruction 
of the eastern United States at 3 Ma. Retrodicted topography from which differential dynamic to- 
pography based on TX 2007 V2 results and a GIA signal have been subtracted. Scale bar is in meters. 
No attempt has been made to remove effects of subsequent river and stream incision. Thick dotted 
line is the shoreline inferred geologically (23, 29) that essentially follows the Orangeburg and 
correlative scarps. The thin blue line is the +25 m contour on the retrodicted topography. Blue dots 
are locations for which there are independent outcrop or borehole constraints on the presence of 
Pliocene marine sediments. Blue stars in southern Delaware and New Jersey are locations of Pliocene 


estuarine sediments (38, 42). 
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recent times (<5 My) implies that these models 
are unlikely to accurately retrodict dynamic to- 
pography at any older time. Our analyses do not 
support large amplitudes of dynamic topograph- 
ic subsidence along the Atlantic shelf margin of 
North America, either on time scales considered 
here or on longer time scales (30 My) (70). 

Our simulations have implications for inferences 
of long-term sea-level change. As can be seen from 
the retrodicted paleogeography, the Orangeburg 
and correlative scarps and marine mid-Pliocene 
localities lie close to the +25 m (Fig. 3 and fig. S4). 
It would be premature to conclude that this supports 
an estimate of +25 m for mid-Pliocene sea level 
because of inherent uncertainties in the various 
modeling parameters, particularly the mantle 
viscosity adopted in the dynamic topography 
and GIA retrodictions, and because we have not 
included a topographic correction for sediment 
loading and erosional unloading (supplementary 
text). Given these uncertainties, our view is that 
we cannot, as yet, place robust limits on the max- 
imum height of mid-Pliocene sea level. 

In the area of the Norfolk Arch, where the 
largest amplitude of retrodicted dynamic topog- 
raphy change is centered (Fig. 2), the predicted 
rate of uplift is ~60 m/My (supplementary text). 
This value is about three times the inferred max- 
imum rate of change of long-term global sea level 
since the base of the Jurassic (37). Moreover, it 
is greater than ~85% of the rate of change of the 
short-term global sea-level height when this is av- 
eraged over 0.1-My intervals (37). Thus, the regres- 
sion from the Albemarle and southern Salisbury 
Embayments since mid-Pliocene, which from the 
local sequence stratigraphic perspective would 
be directly linked to a significant global sea-level 
fall, is instead dominated by dynamic topographic 
uplift and GIA (Fig. 3). 

The mid-Pliocene stratigraphy of New Jersey 
is dominated by regressive sequences, marked 
by denudation and incision of earlier Miocene 
flooding surfaces and by deposition of the 
Pensauken fluvial clastics (38). Accepting that 
New Jersey was rising out of the water (Fig. 3), 
while Virginia and points south were transgressed, 
then some other processes, including, but per- 
haps not limited to, dynamic topography were con- 
trolling the sequence stratigraphy of this margin. 
Because the average slope of the shelf surface 
is about 0.05° + 0.025°, even relatively small 
changes (~20 to 40 m) in dynamic topography 
beneath the shelf would move the shoreline lat- 
erally by tens of km. The regression of the Plio- 
cene and younger sequences from the Albemarle 
Embayment appears to specifically reflect such 
an effect, thereby calling into question inferences 
of sea-level change based on sequence stratigraphic 
approaches. 

Coastal scarps, similar to the Orangeburg 
scarp but at lower elevations, have often been 
interpreted as reflecting progressive drops in sea 
level (39, 40). Alternatively, they may reflect the 
gradual emergence of the coast under relatively 
constant sea level at interglacial highstands (4/). 


Likely both processes were operating, but it is 
difficult to disentangle the effects of each over 
time without also quantifying the mantle dynam- 
ic contributions. 


Our retrodicted paleogeography at 3 Ma (Fig. 


3) closely matches the well-known distribution of 
mid-Pliocene marine strata in the Albemarle and 
southern Salisbury Embayments. We suggest that 
assessments of the height of mid-Pliocene global 
sea level, and thus the size and stability of the 
East Antarctic Ice Sheet during this period of 
relative warmth, must be based on global analy- 
ses that account for globally consistent, mantle 
convection-driven topography, rather than on local 
investigations. 


Note added in proof: Figures 1 and 3 were 


revised so that the figures in the main text are 
based on the same dynamic topography and gla- 
cial isostatic adjustment calculations. 
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Atmospheric deep convection in the west Pacific plays a key role in the global heat and moisture 
budgets, yet its response to orbital and abrupt climate change events is poorly resolved. Here, 

we present four absolutely dated, overlapping stalagmite oxygen isotopic records from northern Borneo 
that span most of the last glacial cycle. The records suggest that northern Borneo’s hydroclimate 
shifted in phase with precessional forcing but was only weakly affected by glacial-interglacial changes 
in global climate boundary conditions. Regional convection likely decreased during Heinrich events, 
but other Northern Hemisphere abrupt climate change events are notably absent. The new records 
suggest that the deep tropical Pacific hydroclimate variability may have played an important role in 
shaping the global response to the largest abrupt climate change events. 


he response of the tropical Pacific to 
changes in Earth’s climate system remains 
highly uncertain. The most recent glacial- 
interglacial cycle encompasses several preces- 
sional cycles; changes in ice volume, sea level, 
global temperature, and atmospheric partial pres- 
sure of CO; and millennial-scale climate events, 
thus providing insights into the tropical Pacific 
response to a variety of climate forcings. Chinese 
stalagmites show that East Asian monsoon 
strength closely tracks precessional insolation 
forcing over several glacial-interglacial cycles and 
exhibits prominent millennial-scale variability 
(/, 2). The timing and structure of these abrupt 
climate changes are nearly identical to millennial- 
scale events recorded in the Greenland ice cores 
[Dansgaard-Oeschger (D/O) events] (3) and in 
sediment records that document ice-rafted debris 
across the North Atlantic (Heinrich events) (4, 5). 
A Borneo stalagmite record spanning the past 
27,000 years provides a markedly different view 
of hydrology in the western tropical Pacific, with 
the Heinrich 1 excursion and spring-fall preces- 
sional insolation forcing explaining much of the 
variability (6). At its most basic, this finding il- 
lustrates the complexity of regional responses to 
various climate forcings, especially at sites lo- 
cated far from the North Atlantic, and demands a 
more exhaustive tropical Pacific hydrologic record 
encompassing a full glacial-interglacial cycle. 
Here, we present four overlapping stalagmite 
oxygen isotopic (5'8O) records from Gunung Buda 
and Gunung Mulu national parks, located in north- 
em Borneo (4°N, 115°E) (fig. S1), that together 
span most of the last glacial cycle. The research 
site is located near the center of the west Pacific 
warm pool (WPWP), where changes in sea surface 
temperatures and sea-level pressure have consid- 
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erable impacts on large-scale atmospheric circu- 
lation and global hydrology (7). Using multiple 
stalagmites from different caves, we distinguish 
shared climate-related features from cave-specific 
signals in the overlapping 8'%O records. 

The four stalagmite records span portions of 
the last glacial cycle with many intervals of over- 
lap, based on U-series dates (Fig. 1). Stalagmites 
were recovered from Secret Cave at Gunung Mulu 
[SC02, 37 to 94 thousand years before the present 
(ky B.P.), and SC03, 32 to 100 ky B.P.] and from 
Bukit Assam (BA02, 15 to 46 ky B.P.) and Snail 
Shell Cave (SCH02, 31 to 73 ky B.P.) at Gunung 
Buda, 25 km from Gunung Mulu (fig. $2). The 
deglacial and Holocene 5'*O records from stalag- 
mite SCH02 were presented in (6). Eighty-six 
new U/Th dates measured across the four stalag- 
mites fall in stratigraphic order within 20 errors 
(8). Large uncertainties in the 7°°Th/**"Th ratio of 
the contaminant phases translate into large un- 
certainties associated with the correction for de- 
trital thorium contamination. Fourteen isochrons 
measured across stalagmites from three separate 
caves give initial °°Th/?*’Th atomic ratios of 
56 + 11 (20) for Bukit Assam Cave, 59 + 13 (20) 
for Snail Shell Cave, and 111 +41 (20) x 10° for 
Secret Cave (8), which fall within the range of 
previously published values from our site (6). 
Absolute age errors for each U/Th date were cal- 
culated with a Monte Carlo approach that com- 
bined multiple sources of error. The resulting 
dating errors average +200, +250, +400, and 
+500 years (20) for BA02, SCH02, SC02, and 
SC03, respectively. Age models were initially 
constructed by linearly interpolating between 
each date and were refined by aligning five major 
millennial-scale 8'%O excursions visible across 
all four records within age error (8). The fact that 
both chronologies fall nearly completely within 
the StalAge (9) algorithm’s 95% confidence in- 
terval (figs. S3 to S6) adds credibility to our as- 
signed chronologies and associated error estimates. 
With our 1-mm sampling interval, the temporal 
resolution of the associated 8'%O records aver- 
ages 60 years per sample for the faster-growing 


stalagmites BAO2 and SCH02 and 200 years per 
sample for the slower-growing stalagmites SC02 
and SC03. During the 50— to 38—ky B.P. interval, 
SC02 and SC03 were sampled at 0.5-mm to 
achieve a resolution of ~100 years per sample. 
Ultraslow growth intervals (<10 um/year for the 
faster-growing stalagmites and <3 m/year for 
the slower growing stalagmites) may represent 
unresolved hiatuses and, as such, were excluded 
from the resulting paleoclimate reconstructions 
(8), following (6). 

The stalagmite 5'°O records provide recon- 
structions of rainfall 5'8O variability at the re- 
search site, which, in turn, tracks the strength of 
regional convective activity (/0). Consistent with 
the tropical amount effect (7, /2), rainfall 5°0 
variations measured at the site from 2006 to 2011 
are significantly anticorrelated with regional pre- 
cipitation amount and closely track the El Niio— 
Southern Oscillation on monthly time scales (70). 
A weak semi-annual seasonal cycle in rainfall 
8'°O is characterized by relative minima in June 
to July and November to January and relative 
maxima in February to April and August to Oc- 
tober. Such a pattern suggests that the twice- 
yearly passage of the Intertropical Convergence 
Zone (ITCZ) over the site is associated with shifts 
in the moisture sources and/or trajectories that 
drive the observed seasonal fractionations (/0). 
Dripwater 5'%O values match rainfall 8'8O values 
averaged over the preceding 2 to 6 months (/3), 
suggesting a short residence time of dripwater 
5'*O relative to our centennial-scale sampling of 
stalagmite 8'%O. Time series of Buda and Mulu 
stalagmite 8'8O are highly reproducible (6, 14), 
strongly supporting their interpretation as rainfall 
5'80 reconstructions and, by extension, as records 
of past regional convective activity. 

The overlapping Borneo stalagmite '°O 
records show orbital-scale variability related to 
precessional insolation forcing and glacial- 
interglacial (G-I) changes (Fig. 2). The similarity 
of our stalagmite 5'8O time series to indices of 
G-I variability greatly diminishes after removing 
the mean 5'*O of seawater due to changes in ice 
volume (8, 15) from the Borneo 5!%0 records 
(Fig. 2 and fig. S7). After this correction, Last 
Glacial Maximum (LGM) 8'%O values are nearly 
identical to 8'8O values at ~85 ky B.P., despite the 
presence of substantially larger ice sheets, cooler 
regional temperatures (/6, 17), and a completely 
exposed Sunda Shelf during the LGM. In partic- 
ular, Sunda Shelf emergence has been implicated 
in shaping glacial western tropical Pacific hydro- 
climate in previous studies (6, 78, 19). However, 
we find little correspondence between Borneo 
stalagmite 5'*O and an index of Sunda Shelf areal 
extent over the entire glacial cycle (fig. S7). For 
example, Bomeo stalagmite 8'8O variations in the 
70- to 90-ky B.P. interval bear little resemblance 
to reconstructed sea-level changes, especially from 
~71 to 76 ky B.P. (20), when a large drop in sea 
level almost doubled the size of the exposed shelf 
(fig. S7). As such, the new Borneo 8'°O records 
suggest that the cumulative influence of G-I 
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boundary conditions, including changes in global 
temperature and CO3, did not drive considera- 
ble changes in rainfall 8'%O at our site. However, 
given the complexities of influences on rainfall 
3'80 (0), LGM climate may have been charac- 
terized by two or more competing influences on 
regional rainfall 5'°O. For example, regional drying 
during the LGM inferred from WPWP sediment 
cores (2/7) and modeling studies (19) may have 
increased rainfall §'8O, whereas longer moisture 
trajectories associated with the emergence of the 
Sunda Shelf may have decreased rainfall &'80. 
The Bomeo stalagmite 5'%O records vary in 
phase with insolation at the equator during boreal 
fall in stage 5 and the Holocene, when preces- 
sional forcing is relatively strong (Fig. 2C). The 
impact of precessional forcing on Borneo stalag- 
mite '%O is weak during stage 3, in part owing to 
reduced precessional amplitude during this time. 
Precessional forcing is also apparent in older 
glacial-interglacial stalagmite 5'°O reconstruc- 
tions from Borneo (/4). Taken together, the Borneo 


records suggest that precession may be the dom- 
inant source of orbital-scale hydroclimate varia- 
bility in the WPWP. The implied sensitivity of 
northern Borneo hydrology to boreal fall inso- 
lation is consistent with results from a previous 
modeling study (22). Moreover, results from a 
long-term rainfall &'*O monitoring program at 
Mulu demonstrate that mean annual rainfall 8'8O 
values depend, in part, on the magnitude of rain- 
fall 5'%O enrichments during the boreal spring-fall 
seasons (/(). In this sense, the observed sensitivity 
to boreal fall insolation may represent a direct re- 
sponse of mean annual rainfall 8'8O to local changes 
in seasonal moisture sources and trajectories. How- 
ever, El Nifio—Southern Oscillation and the Madden- 
Julian Oscillations (23) have large impacts on 
modern Mulu rainfall &'%O variability (0), such 
that Bomeo stalagmite 5'*O signals may represent 
a combination of one or more climatic influences. 
The Borneo stalagmite 5'*O records are dom- 
inated by six millennial-scale increases in 5'8O 
that coincide with Heinrich events, inferring a 
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Fig. 1. Comparison of four overlapping stalagmite 5*°0 records from northern Borneo. (A) 57°O 
records from SC02 (blue), SCO3 (red), SCHO2 (green), and BAO2 (purple) are overlain after aligning five major 
millennial-scale 57°O excursions shared across all four stalagmites to within 2c dating errors (8), plotted with 
previously published stalagmite 5”°0 data from our site (black) (6). SCO3 and SCO2 mean 5*°O have been 
offset +0.2 per mil (%.), and BAO2 mean 57°0 has been offset —0.45%o to match the absolute value of 
SCHO2, consistent with the prior use of SCHO2 as a benchmark for the deglacial-Holocene Borneo records 
(6). (B) The 5780 record for SCO2, plotted using its raw age model (blue), shown with the three other 
overlapping Borneo stalagmite 5*80 records using their raw age models (gray). (C) Same as (B), but for SCO3 
(red). (D) Same as (B), but for SCHO2 (green). (E) Same as (B), but for BAO2 (purple). The U-Th—based age 
model was used to construct the composite 5"°0 record plotted in corresponding colors at the top, shown with 
26 uncertainty limits (8). The x axis indicates age in thousand years before the present (kybp). 
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decrease in regional convection during these 
abrupt climate changes (Fig. 2). A nearby Sulu 
Sea sediment core (Fig. 2E) also documents 
increased planktonic foraminiferal 5'%O values 
during Heinrich events (24), consistent with a 
reduction in regional convective activity. The 
dominant paradigm to explain millennial-scale 
tropical hydroclimate anomalies is that they are 
driven from the North Atlantic region, either from 
weakening of the Atlantic thermohaline circu- 
lation or from a dramatic albedo change due to 
sea-ice cover, both of which drive a southward 
migration of the ITCZ that dries most of the 
northern tropics (25, 26). A similar chain of events 
is used to describe D/O abrupt climate changes 
that are well documented outside of the tropical 
Pacific, most notably in Chinese and Peruvian 
stalagmite 5'80 records (/, 2, 27) and in a high- 
resolution ice core 8'*O record from the south 
Atlantic sector of Antarctica (28). However, the 
Borneo stalagmite 5'%O records lack any coher- 
ent signature of D/O events (Fig. 2 and fig. S8). 
The Borneo stalagmite 5'*O records show no 
consistent response to D/O events 8 and 12, the 
prominent D/O events that occur on the heels of 
Heinrich events 4 and 5 (fig. S8). Of particular 
note, the records show little millennial-scale var- 
iability from ~30 to 40 ky B.P. across D/O events 
5 to 8 (fig. S8). The records do bear a strong re- 
semblance to the Chinese 5'*O records during the 
50— to 60-ky B.P. interval, as both records contain 
a distinct 5'8O increase at ~55 ky B.P. This 
shared 5'O enrichment may reflect the influence 
of an additional Heinrich event, referred to as 
“Heinrich 5a” in one study (29), or may indicate 
a regional hydrological sensitivity to the relative- 
ly prolonged D/O events that occurred during this 
time interval. Contrary to inferences drawn from 
a deglacial Borneo stalagmite 5'%O record (6), 
there is no evidence for a Southern Hemisphere 
influence on millennial-scale variability in Borneo 
hydroclimate over the last glacial cycle (fig. S8). 

The unambiguous signature of Heinrich events 
in the Bomeo stalagmite 5'8O records stands in 
stark contrast to the lack of consistent D/O-related 
signals in the records, implying a selective re- 
sponse of WPWP hydrology to high-latitude 
abrupt climate change forcing. Specifically, the 
absence of any readily identifiable D/O signals in 
the Borneo 5'°O record represents a clear chal- 
lenge to our understanding of abrupt climate 
change mechanisms. The new Borneo records 
suggest that one of two possibilities must be 
true: (1) If D/O events reflect a similar mechanism 
to Heinrich events, then they must not be strong 
enough to affect northern Borneo hydrology ap- 
preciably, or (ii) D/O events and Heinrich events 
are characterized by fundamentally different cli- 
mate mechanisms and feedbacks. 

The largest millennial-scale anomaly in the 
Borneo records is not a Heinrich event, but rather 
an abrupt increase in 5'8O that occurs at 73.42 + 
0.30 (20) ky B.P., coincident with a similarly large 
and abrupt increase in Chinese stalagmite 5'O 
(Fig. 2). Whether this event is associated with the 
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Fig. 2. Comparison of Borneo stalagmite 57°0 records to climate forcings and records of paleo- 
climate from key regions. (A) Greenland NGRIP (North Greenland Ice Core Project) ice core 5*°O (gray) 
(31) with 100-year averages (black), plotted using the GICCOSmodelext age model (32). (B) Hulu-Sanbao 
cave stalagmite 57°0 records from China (2, 2) (Sanbao has been offset by +1.6%o to match Hulu), 
plotted with July insolation at 65°N (33). (C) Borneo stalagmite 5780 records, plotted with age models 
aligned and adjusted to account for ice-volume—related changes in global seawater 5780 (8). Also 
plotted are October insolation at O°N (black) (33) and Borneo stalagmite 5"°0 records (gray) that have 
not been corrected for ice volume. (D) Coral-based estimates of paleo—sea-level record (20, 34, 35) (black 
symbols) and global mean sea-level record (25) (solid line, average; dotted lines, minimum and maximum). 
(E) Sulu Sea planktonic foraminifera 5*°0 (24), plotted with a revised age model using updated IntCal09 
calibration curve 41—-ky B.P. modern and aligning 60—-ky B.P. 57°O excursion to the Hulu-Sanbao stalagmite 
3780 records. (F) EPICA (European Project for Ice Coring in Antarctica) Dronning Maud Land (EDML) ice 
core 8*°O (gray) (28) with 7-year averages (black). Vertical blue bars indicate the timing of Heinrich 
events H1 to H6 (5), as recorded by the Hulu-Sanbao stalagmite 5780 records (1, 2). 


Toba supereruption, dated at 73.88 + 0.64 (20) ky 
B.P. (30), and/or a prominent early abrupt climate 
change event visible in Greenland ice core &'°O 
(Fig. 2A) merits investigation in additional high- 
resolution paleoclimate records from the Indo-Pacific. 

The Borneo composite records demonstrate 
the sensitivity of western equatorial Pacific hy- 
drology to both high-latitude and low-latitude 
forcings. However, the response of northern Borneo 
hydroclimate to these forcings is not uniform: 
Glacial conditions and D/O events apparently 


had much smaller impacts on regional hydrology 
than either insolation or Heinrich-related forcing. 
Our results imply that once the hydrological re- 
sponse threshold is reached, then climate feed- 
backs internal to the tropics may serve to amplify 
and prolong a given climate change event, whether 
the trigger originates from internal dynamics or 
external radiative forcing. 
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Supercomplex Assembly Determines 
Electron Flux in the Mitochondrial 
Electron Transport Chain 
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The textbook description of mitochondrial respiratory complexes (RCs) views them as free-moving 
entities linked by the mobile carriers coenzyme Q (CoQ) and cytochrome c (cyt c). This model 
(known as the fluid model) is challenged by the proposal that all RCs except complex II can 
associate in supercomplexes (SCs). The proposed SCs are the respirasome (complexes |, Ill, and IV), 
complexes | and III, and complexes III and IV. The role of SCs is unclear, and their existence is 
debated. By genetic modulation of interactions between complexes | and III and Ill and IV, we show 
that these associations define dedicated CoQ and cyt c pools and that SC assembly is dynamic 
and organizes electron flux to optimize the use of available substrates. 


lectron transport in the mitochondria 
Re be fully explained by the classical 

fluid model (/) or the solid model, which 
proposes that the respirasome is the only func- 
tional mitochondrial electron transport chain (mETC) 
(2, 3). However, both models can be regarded as 
extremes of a more dynamic situation in which the 
respirasome [containing complexes I, II, and IV 
(CI, CHI, and CIV)], the other supercomplexes 
(SCs) (CI and CIII or CIII and CIV), and free 
respiratory complex (RC) populations coexist 
(4). Although CI is unstable in the absence of 
Clll or CIV (5—7), definitive evidence for phys- 
ical association between RCs in vivo has been 
lacking, and their putative functions remain unclear 
(2, 4, 8-12). 

To investigate interaction between CI and 
CIIL, we used mitochondria from mouse fibro- 
blasts with constitutively abnormal low expression 
of CIII (S cells) (supplementary materials and 
fig. S1). Blue-native gel electrophoresis (BNGE) 
detected fewer Cl-containing SCs in S cells than 
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in control cells; moreover, no free CIII was de- 
tected (Fig. 1A), suggesting that CI sequesters the 
limited amount of CIII. Oxygen consumption 
was measured in permeabilized S cells incubated 
with either the mETC substrates glutamate and 
malate, which generate intramitochondrial NADH 
(reduced form of nicotinamide adenine dinucleo- 
tide) to feed electrons to CI, thus promoting res- 
piration through CI, CII, and CIV, or succinate, 
which feeds electrons to CII, via flavin adenine 
dinucleotide (FAD), promoting respiration through 
Cll, CII, and CIV (fig. S1D). Combined with the 
use of specific inhibitors, this allowed us to mea- 
sure respiration through alternate routes to CIV 
and also to spectrophotometrically determine elec- 
tron flux through mETC components, both indi- 
vidually (CI, CI, Cll, or CIV) and in combination 
(CI with CII or CI with CII) (fig. SIF). The low 
content of CIII in S cells disrupted respiration 
from succinate and the activity of CII combined 
with CIII, indicating that the limited CIII is un- 
available to electrons from CII (or other sources 
that deliver electrons to FAD, such as glycerol-3- 
phosphate dehydrogenase) (Fig. 1B). We ruled 
out that changes in coenzyme Q (CoQ) levels 
would explain this behavior (fig. S1G). 

If physical association of CI with CIII creates 
separate populations of CIII molecules (the bound 
population dedicated to CI, the unbound to other 
enzymes), depletion of CII would not increase 
CllJ-bound CI nor the flux between CI and CIII, 
but depletion of CI would release CII and in- 
crease electron transport through CII and CIII. 
Small interfering RNA (siRNA)-mediated de- 
pletion of CII in control fibroblasts reduced ac- 
tivity of CII and Cll with CII without affecting 
CI or CI with CII (fig. S1, H and J). In contrast, 
in a cell line in which CI was stably depleted by 
60% (13), CIII activity was normal and CII ac- 
tivity slightly increased, although combined ac- 
tivity of CI and CII was normal and the linked 
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activity of CII with CII was increased (Fig. 1B). 
These results support the idea that electron flux 
from CI to CIII takes place within SCs, whereas 
electrons flow from CII to CIII not associated 
with CI. If this is so, depletion of CI in S cells 
would release CIII to reactivate electron transfer 
from CII. To test this, we used siRNA to deplete 
the CI subunit VDUFS3 from S cells. BNGEs 
revealed that depletion of CI released CIII from 
CI-SC (Fig. 1, C and D). This was accompanied 
by decreased electron flux through CI and CIll 
and increased flux through CII and CII (Fig. 1E). 
CII thus associates preferentially with CI in CoQ- 
containing supercomplexes (those containing CI 
and III or those with CI, III, and IV), establishing 
preferential electron flux from CI to CII. To con- 
firm this, we depleted CII from control cells with 
siRNA (fig. S2A). Low CIll induced specific loss 
of supercomplex III+IV (fig. S2B) and a greater 
decrease in the combined activity of CII with 
CII than that of CI with CII (fig. S2C). Super- 
complexes therefore define two functional CoQ 
populations: CoQ dedicated to transferring elec- 
trons originating from NADH (CoQnapuy), which 
is trapped in SCs containing CI, and free CoQ 
in the inner mitochondrial membrane for use by 
CII and other enzymes that use FAD (CoQrap) 
(Fig. 1F). 

To investigate interaction between CIII and 
CIV, we screened for proteins present in SCs but 
not in free complexes (fig. S3, A and B). Mito- 
chondrial samples prepared in the presence of 
digitonin, which preserves the integrity of RC 
and SC associations, were fractioned by BNGE, 
and individual bands were analyzed by proteomic 
methods. The screen identified cytochrome c 
oxidase subunit VIla polypeptide 2-like (Cox7- 
a21) in the respirasome and in SC CII+CIV, but 
not in free complexes III or IV (fig. S3). In par- 
allel, we fortuitously discovered a Cox7a21 muta- 
tion in a screen of immortalized mouse fibroblasts 
derived from six littermates with mixed genetic 
background (C57BL/6 and 129Sv strains) (fig. 
S4A). Three cell lines had the reported pattern 
of SC interactions on immunoblots after one- 
dimensional BNGE (SC* cells). However, the 
other three lines (SC’ cells) showed no associa- 
tion between CII and CIV (fig. S4, A and B). A 
search for single-nucleotide polymorphisms 
(SNPs) differentiating SC* and SC° cells identi- 
fied most in chromosome 17, which contains the 
Cox7a21 gene (fig. S4C). The SC” lines were 
homozygous for a Cox7a2/ version 6 base pairs 
shorter than that found in heterozygosis in SC’ 
cell lines (fig. SSA); these proteins encode proteins 
of 111 and 113 amino acids, respectively. Our 
proteomic analysis detected only the long isoform 
(fig. S3D). Immunoblotting detected Cox7a21 
protein only in SC” cell lines, indicating that the 
short isoform may be unstable (fig. SSB). Purebred 
C57BL/6 mice contained the short allele and 
129sv mice the long one, both in homozygosis, 
and accordingly these mice exclusively showed 
the SC’ or SC" phenotype, respectively (Fig. 2, A 
and B). Based on these findings, we propose that 
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Fig. 1. Separate CoQ pools supply electrons 
from Cl and CII to CIIl. (A) Immunoblot of 
assembled supercomplexes in digitonin-permeabi- 
lized mitochondria separated by BNGE and probed 
with monoclonal antibodies for Cl (anti-NDUFB6), 
Cll (anti-Core2), CIV (anti-COl), and Cll [anti-SDHA 
(130)]. (B) Box plot representation of mitochondrial 
complex activities, either alone or in combination 
with Clll, in C, S, and heteroplasmic ND6 mutant 
cells (lacking the Cl subunit WD6-M, and thus par- 
tially depleted for Cl) (29-21). Activities were mea- 
sured spectrophotometrically in the presence of 
specific electron donors and complex inhibitors (see 
supplementary materials). When cells were grown in 
medium containing glucose instead of galactose— 
to allow them to survive through glycolysis—free 
Clll was detectable in S cells. SC, supercomplexes 
containing Cl; Ill,+IV, supercomplex III+IV; Ill, 
dimeric Clll. (C) BNGE immunoblot of Clll-containing 
supercomplexes in S cells grown with glucose or 
galactose. (D) BNGE immunoblots showing distrib- 
ution of Cl, CIll, CIV, and Cll in control cells (C) and 
S cells shRNA-depleted for the Cl subunit NDUFS3 
(S) at the indicated multiplicity of infection (MOI). 
IV and IV*, nonsuperassembled complex IV. (Inset) 
SDS—polyacrylamide gel electrophoresis (SDS-PAGE) 
immunoblot of NDUFS3 (actin was the loading 
control). (E) Activities of isolated Cl, CI+CIII, and 
CIl+CIll in control cells and NDUFS3-interfered S 
cells (CI-K,). Respiration capacity of S cells was 
lower than in (B) because they were in glucose 
medium. (F) Ubiquinone exists in independent pools, 
one for NADH (blue) and other for FAD-containing 
enzymes (brown). Data in (B) and (E) are presented 
as box plots (horizontal bar, median; box limits, 
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25th and 75th percentiles; whiskers, 10th and 90th percentiles; dots, observations outside the 10th and 90th percentiles). *Significant differences by analysis 
of variance (ANOVA). Paired differences were assessed by the post hoc Fisher’s protected least significant difference test (PLSD); detailed statistical analysis 
for all figures is described in the supplementary materials. 


Cox7A21 be renamed supercomplex assembly 
factor I (SCAFI). The yeast proteins rcfl and ref2, 
previously proposed to be supercomplex II:TV 
assembly factors, also affect individual CIV assem- 
bly (/4-16). 

Mice derived from 129sv:C57BL/6 intercrosses 
showed normal supercomplex formation or no as- 
sociation of CIII with CIV (Fig. 2B), demonstrating 
tight correlation between absence of 113 amino 
acid SCAFI and failed CIII-CIV interaction. The 
long form of SCAFI and the SC* phenotype were 
present in CBA, 129, NZB, and CD1 mice, whereas 
C57BL/6J and Balb/cJ mice were homozygous for 
the short form and had the SC’ phenotype (Fig. 3, 
A and B). SC cells were unaffected by overex- 
pression of the short form, whereas overexpression 
of the long form restored the assembly of SCs 
containing CIV (Fig. 2, C and D). 

Respiration rates were higher in liver mito- 
chondria lacking SCAFI, both when incubated 
with pyruvate and malate (pyr+mal) (for which 
electrons are carried by NADH) or succinate (for 
which electrons are carried by FAD) (Fig. 3C). 
Respiration was higher in CS7BL/6J fibroblasts 
transformed with short-SCAF/ than in those 
transfected with long-SCAFI (fig. S6, A and B). 


1568 


A B Complex Immundetection Cc Sipe peo 
Mouse 178 179 178 179 129 C57 ——/2 __ __79 ___ CellLine 
SC phenotype + - Be 4: hs = 111 Te. = TH 118 Coxrarl 
129 C57 Mouse L+lll, Py 
+ - SC phenotype a a. Ze -=- bew@eaw = - la 
slong 113 Mm + ~ -_— — Isl 
1Short 111 “un! = See Se “Il, 
Fig. 2. Characterization of Heel Hie Heart 
Cox7a2l in supercomplex- D 1D DIG 
competent (SC*) and SC" cell lines and ani- 77 Cell Line 
mals. (See also fig. $4.) (A) Polymerase chain re- | a “a 
action (PCR) analysis of Cox7a21 alleles in C57BV/6) > an 
(C57) and 129S2/SvPasCrlf (129) mice. (B) BNGE ra} 
immunoblot analysis of Clll (anti-Core2) showing oy 
complex assembly status in samples from mixed- 756) 5 Mp 
background littermates (178 and 179) and purebred [P ——_— 
C57 and 129 mice. (C) BNGE immunoblot of the [Sc 
indicated cell line probed for CIll (anti-Core2). (D) . 
Immunoblot of fibroblast line 77 after second- =v 
dimension separation of BNGE-separated proteins 77 CL# 113p 
by SDS-PAGE; blots were probed for Cl (anti-NDUFA9), — 
Cll (anti-SDHA), Cll (anti-Core2), and CIV (anti- aS 
CoxIV). Supercomplexes formed in cells transfected pied pur 
with 113-amino-acid Cox7a2l are circled. clv 


28 JUNE 2013. VOL 340 SCIENCE wwwssciencemag.org 


Downloaded from www.sciencemag.org on June 27, 2013 


In contrast, CIV respiration driven by the specif- 
ic electron donor tetramethylphenylenediamine 
(TMPD) was similar regardless of SCAFI expres- 
sion. Thus, cells expressing functional SCAFI do 
not use the full potential of CIV when fed with 
glucose (fig. S6B). In permeabilized C57BL/6J- 
derived fibroblasts expressing short-SCAFI, aden- 
osine triphosphate (ATP) production was near 
maximal with pyrt+mal or succinate as substrates, 
whereas maximal respiration and ATP produc- 
tion in cells expressing long-SCAFI required 
substrates for both the NADH and the FAD routes 
(fig. S6C). 

In the absence of SCAFI, no CIV will as- 
semble in SCs, and electrons from NADH or 
FAD will pass through a single pool of cyt c to a 
single pool of CIV (Fig. 3D). In contrast, in the 
presence of SCAFI, a fraction of CIV interacts 
with CII and two SCs would form: I+III+IV (the 
respirasome) and III+IV (Fig. 3D). Because CIV- 


cytc 


containing SCs also contain cyt c (4, 17), this will 
define three CIV populations: one receiving elec- 
trons exclusively from NADH (CIVyapy), another 
from FAD-dependent enzymes (CIVy,p), and a 
third from NADH and FAD (Fig. 3D). Con- 
firming this, simultaneous exposure of SCAFI* 
mitochondria to succinate and pyrtmal had an 
additive effect on respiration and ATP synthesis, 
an effect not seen in the absence of CIII+CIV 
superassembly (Fig. 3C). 

The ability of SCAFI to segment the mETC 
into three CIV populations may prevent satu- 
ration by one substrate, thereby promoting simul- 
taneous oxidation of multiple substrates at 
optimum rates. To test this, we evaluated fumarate 
synthesis in SCAFI* and SCAFT liver mitochon- 
dria supplied with succinate alone or with pyrtmal. 
With succinate alone, SCAFT mitochondria gen- 
erated fumarate at higher rates than SCAFI* 
mitochondria (Fig. 3E). Simultaneous addition 
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Fig. 3. Cox7a2USCAFI depletion alters mitochondrial respiratory function. (A) (Top) BNGE 
immunoblot of Cll (anti-Core2) in different mouse strains, showing complex assembly in liver mito- 
chondria. (Bottom) Genotyping (PCR) of the Cox7a2I allele. (B) BNGE immunoblot of CIV (anti-NDUFA4), 
showing complex assembly in liver mitochondria. (C) Substrate-driven rates of oxygen consumption and 
ATP synthesis in liver mitochondria from Cox7a2VSCAFI-deficient (Short) and Cox7a2V/SCAFI-expressing 
(Long) mice. (D) Plasticity model of mETC organization, showing Cl associations with a dedicated CoQ pool 
[blue, the respirasome (CI+III+IV) and Cl+llI] coexisting with CIIl+CIV associations and free Cll, Clll, and 
CIV. (Left) Normal situation (CD1 mice), in which Cox7a2VSCAFI modulates ClV-containing super- 
complexes, thereby regulating the proportions of free CIll and CIV and generating three states for CIV. 
(Right) Extreme situation of C57BV/6] mice, where SCAFI is absent and no ClV-containing supercomplexes 
form, making all CIV available to any substrate. (E) Time profile (t-to) of fumarate production by isolated 
liver mitochondria from SCAFl-proficient and SCAFl-deficient mice in the presence of succinate or 
succinate and pyr+mal. Data in (C) and (E) are presented as box plots; marks and symbols same as for 
Fig. 1. *Significant differences by ANOVA. Paired differences were assessed by PLSD. 
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of succinate and pyrt+mal did not alter fumarate 
synthesis in SCAFI* mitochondria but signifi- 
cantly reduced it in SCAFT mitochondria (Fig. 
3E), demonstrating that SCAFI-mediated 
assembly of CIV into SCs minimizes competi- 
tive inhibition of respiration between pyruvate 
and succinate. 

The ratio of NADH:FAD electrons feeding the 
mETC is higher when glucose is the respiratory 
substrate and lower for fatty-acid (FA) oxidation. 
Adjustment of mETC superassembly would pro- 
vide a mechanism to ensure efficient oxidation 
of available substrates. To test this, we ana- 
lyzed respiration capacity through the FAD and 
NADH routes in liver mitochondria from CD1 
and C57BI1/6J mice fed ad libitum or fasted for 
18 hours to activate FA degradation. In mitochon- 
dria from fed animals of both strains, the respi- 
ration rate was higher with succinate than with 
pyrt+mal (Fig. 4, A and B). Simultaneous use of 
both substrates produced an additive effect on 
maximum respiration in CD1 (Fig. 4A) but not 
C57BI/6J mitochondria (Fig. 4B). In mitochon- 
dria from fasted animals, respiration driven by 
pyr+mal was significantly lower in both strains, 
whereas succinate respiration was enhanced by 
fasting in CD1 but not C57B1/6J mitochondria 
(Fig. 4, A and B). These results support the ex- 
istence of separate electron routes and are con- 
sistent with the predicted shift to the FAD route 
upon switching to FA degradation. 

In CD1 mitochondria, fasting reduced maxi- 
mal CI and CI+CIll activities without influencing 
Cll or CII+CIll (Fig. 4A), but this effect was not 
seen in C57BI/6J mitochondria (Fig. 4B). Ac- 
cordingly, fasting reduced the proportion of CIII 
assembled with CI (NADH route) only in CD1 
mitochondria (Fig. 4, A and B). Pyruvate dehy- 
drogenase (PDH) activity is down-regulated by 
phosphorylation by PDH kinase during starvation 
(Fig. 4C) (8). This may explain the lower respi- 
ration rate with pyrt+mal in both C57BI/6J and 
CD1 mitochondria, despite the fact that CI ac- 
tivity is down-regulated only in CD1 mice (Fig. 4, 
A and C). An alternative way to generate intra- 
mitochondrial NADH+H_" is to feed mitochon- 
dria with glutamate, which is converted to a- 
ketoglutarate by glutamate dehydrogenase, an 
enzyme not regulated by starvation (Fig. 4C). 
Because starvation reduced CI activity only in 
CD1 mice, glutamate-dependent respiration should 
be affected only in this strain. This was con- 
firmed in liver mitochondria from starved CD1 
animals, in which pyruvate- and glutamate-driven 
synthesis of ATP was decreased, whereas only 
pyruvate-dependent ATP synthesis was decreased 
in C57BI/6J-derived organelles (Fig. 4D). 

Our results provide genetic evidence for the 
existence of mitochondrial respiratory superas- 
semblies, supporting the plasticity model of mETC 
organization and identifying dynamic supercom- 
plex assembly as a mechanism through which cells 
might adapt to varying carbon sources and tailor the 
mETC to specific cell-type requirements. The lack 
of this mechanism in commonly used mouse strains 
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has potential implications for studies of metabolic 
processes and is of interest for research into human 
diseases affecting mitochondrial function. 
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Intrinsically Disordered Protein 
Threads Through the Bacterial 
Outer-Membrane Porin OmpF 


Nicholas G. Housden,* Jonathan T. S. Hopper,” Natalya Lukoyanova,? David Rodriguez-Larrea,” 
Justyna A. Wojdyla,? Alexander Klein, Renata Kaminska,? Hagan Bayley, 
Helen R. Saibil,? Carol V. Robinson,” Colin Kleanthous?* 


Porins are B-barrel outer-membrane proteins through which small solutes and metabolites diffuse 
that are also exploited during cell death. We have studied how the bacteriocin colicin E9 (ColE9) 
assembles a cytotoxic translocon at the surface of Escherichia coli that incorporates the trimeric 
porin OmpF. Formation of the translocon involved ColE9’s unstructured N-terminal domain 
threading in opposite directions through two OmpF subunits, capturing its target TolB on the other 
side of the membrane in a fixed orientation that triggers colicin import. Thus, an intrinsically 
disordered protein can tunnel through the narrow pores of an oligomeric porin to deliver an 


epitope signal to the cell to initiate cell death. 


ions into cells and organelles and the ex- 
pulsion of xenobiotics through a central 
pore (/, 2). We studied the mechanism by which 
the endonuclease [deoxyribonuclease (DNase)] 
bacteriocin ColE9 exploits the porin OmpF in 
the outer membrane (OM) of Escherichia coli. 


P orins mediate the diffusion of nutrients and 


OmpF is one of the most abundant proteins in 
the E. coli OM (>100,000 copies per cell), with 
related porins widespread in bacteria (3, 4). Com- 
posed of three identical 16-stranded B-barrels, 
each with a narrow pore that traverses the OM, 
OmpF subunits restrict the passive diffusion of 
molecules to those <600 daltons. Nevertheless, 


28 JUNE 2013. VOL 340 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on June 27, 2013 


some colicins use OmpF, or its homolog OmpC, 
to enter the periplasm after their initial binding 
to the vitamin B;, receptor BtuB (Fig. 1A) (5, 6). 
Colicins are potent cytotoxins that are expressed 
and released by E. coli in response to environ- 
mental stress that target closely related organisms 
during interbacterial competition (7-10). ColE9 
(60 kD) is released bound to the immunity pro- 
tein Im9, a high-affinity inhibitor [dissociation 
constant (Ky) ~ 10 '* M] that neutralizes the 
DNase domain in the colicin-producing host (//). 
ColE9 recruits OmpF through an intrinsically un- 
structured translocation domain (UTD) in order to 
contact TolB in the periplasm (Fig. 1A), thereby 
forming a translocon complex that initiates cell 
entry (/2—/5). Colicin translocons are transient, 
unstable species involving protein-protein inter- 
actions on either side of the OM (fig. S1). We 
thus devised a strategy to stabilize the translocon 
for ColE9, enabling its purification and subsequent 
biophysical and structural analysis (Fig. 1A). 
We designed a disulfide bond trap that would 
form between the periplasmically located TolB- 
binding epitope (TBE) of ColE9 and TolB after 
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Fig. 1. Isolation and characterization of the 
ColE9 translocon from the OM of E. coli. (A) 
Strategy for the capture and isolation of the ColE9 
translocon. Nuclease colicins such as ColE9 (brown) 
contain a hairpin receptor—binding (R-) domain; an 
N-terminal translocation (T-) domain that includes 
the IUTD, shown as a dotted line; and a C-terminal 
cytotoxic DNase domain to which is bound the im- 
munity protein Im9 (yellow). The engineered cys- 
teines for disulfide bond formation between the 
TolB-binding epitope of ColE9 and histidine-tagged 
TolB (purple) are shown as red circles. (B) BN-PAGE 
of the isolated translocon showing that the com- 
plex contains the ColE9-Im9 complex, BtuB, OmpF, 
and TolB. (C) 12% SDS-PAGE of the translocon + 
B-mercaptoethanol (B-Me), confirming the presence 
of the disulfide between ColE9 and TolB. (D) Native- 
state ESI-MS spectrum of the ColE9 translocon. Col- 
ored inserts give assignments for species observed 
in the spectrum, all devoid of detergent: orange 
hexagon, the intact complex that includes a single 
molecule of lipopolysaccharide; red circle, trans- 
locon from which BtuB and lipopolysaccharide have 
dissociated in the gas phase; blue square, disso- 
ciated BtuB. See table $2 for masses. 


recruitment of OmpF in the OM. The covalent 
bond did not induce any structural changes rel- 
ative to the wild-type complex (fig. S2 and table 
S1) (3). The ColE9 cysteine mutant was al- 
lowed to form its translocon at the OM of E. coli 
cells, was trapped by disulfide bond formation 
with the corresponding TolB cysteine mutant, 
and the entire complex was extracted from the 
membrane and purified, exploiting a histidine tag 
on the C terminus of TolB (fig. S1B). The ColE9 
translocon was deemed homogeneous by blue 
native polyacrylamide gel electrophoresis (BN- 
PAGE) (Fig. 1B). The individual components of 
the translocon were identified by matrix-assisted 
laser desorption/ionization mass spectrometry 
of protein bands excised from SDS-PAGE gels; 
the latter also confirmed the presence of the 
trapping disulfide bond (Fig. 1C). The isolated 
translocon was a heptameric assembly com- 
posed of single copies of the ColE9-Im9 complex, 
BtuB, OmpF trimer, and TolB as determined by 
size-exclusion chromatography—multiangle light 
scattering (SEC-MALS) (fig. S3A) and native-state 
electrospray ionization mass spectrometry (ESI- 
MS) (/6, 7) (Fig. 1D). The mass of the translocon 
obtained by ESI-MS (296,983 + 80 daltons) agreed 
closely with that calculated for the complex but 
included additional mass of ~3.5 kD, which is 
likely to be a single molecule of lipopolysaccharide 
bound noncovalently to the BtuB receptor (fig. S4). 

Limited proteolysis was used to probe the 
organization of the ColE9 translocon. Trypsin 


Relative Intensity (%) 


REPORTS [ 


digestion yielded a stable subcomplex when an- 
alyzed by BN-PAGE (Fig. 2A), which corre- 
sponded to intact TolB and OmpF and a ~11-kD 
fragment of ColE9 (fig. S5, A, C, and E). The 
ColE9 IUTD is known to house two OmpF- 
binding sites (OBS1, residues 2 to 18, and OBS2, 
residues 54 to 63) that flank the TolB-binding 
epitope (TBE; residues 32 to 47) (12) (fig. S6). 
The ~11-kD fragment of the digested translocon 
encompassed residues 2 to 122 from the ColE9 
T domain (ColE9 T>_122), which includes all the 
identified binding epitopes as well as additional 
sequences corresponding to extracellular regions 
of the colicin. ESI-MS and SEC-MALS confirmed 
the native mass of the digested translocon (Fig. 2B, 
fig. S3B, and table $2). It has previously been 
proposed that the colicin’s IUTD passes through 
OmpF (Fig. 1D and fig. S6, A to C) (6, 12). SDS- 
PAGE of the digested translocon, in combination 
with heat treatment and a reducing agent, con- 
firmed that the colicin had indeed passed through 
its bound porin; TolB and OmpF only comigrated 
when the disulfide between TolB and the ColE9 
T>.122 fragment was intact and OmpF was a folded 
trimer (Fig. 2C). 

Two trypsin sites, one in each OBS, remained 
undigested when the translocon was treated with 
trypsin, whereas the same sites were readily 
proteolysed in a disulfide-bonded complex con- 
taining just ColE9 and TolB (fig. S5, B, D, and F). 
These differential protease accessibility results are 
incompatible with a simple sequential translocation 
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Fig. 2. Formation of the ColE9 translocon involves pas- A 
sage of the colicin through OmpF. (A) BN-PAGE showing the 
time course for limited proteolysis of the translocon by trypsin 
(100:1) at 30°C. (B) Native-state ESI-MS data for the trypsin- 
digested translocon (containing TolB, OmpF, and ColE9 T3122) 
along with a graphical representation of the complex. The ob- 
served and expected masses for the complex were 166,528 + 81 
daltons and 166,572 daltons, respectively. (C) 12% SDS-PAGE 
of the digested translocon and its comparison to control TolB 
and OmpF proteins + reducing agent (8-Me) and/or heat dena- 
turation. In the absence of boiling, OmpF migrates as a trimer. B 
TolB and the OmpF trimer only migrate together within the 
proteolysed translocon when connected by ColE9 T>.122 that 

has passed through the trimer and formed a trapping disulfide 

with TolB (last lane). Reduced ColE9 T2122 migrates off the end 

of this gel and so is not resolved. 
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Fig. 3. ColE9 occupies two subunits of an OmpF trimer. (A) ESI-MS titra- 
tion showing binding of up to three OBS1 peptides to OmpF in the gas phase 
(see table $2 for masses). Peak assignments are shown below the data (OBS1 
is represented as a blue rectangle). (B) ESI-MS titration showing the binding of 
one OBS1 peptide to the proteolysed translocon. Peak assignments are shown 
below the data (see fig. $6 for color coding of the ColE9 IUTD-binding epitopes). 
(© Histogram showing a Gaussian distribution of unitary conductance (in pS) mea- 
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surements for OmpF trimers in planar lipid bilayers. (D) Histogram showing the 
Gaussian distribution of unitary conductance (in pS) measurements for the digested 
ColE9 translocon, where the mean value is one-third the OmpF conductance 
observed in (C). (E) Electrical recording (50 mV) for a single OmpF trimer show- 
ing the blockade of its three channels by the OBS1 peptide, states assigned as in 
(A). (F) Electrical recording (50 mV) for the trypsin-digested translocon showing the 
blockade of its single OmpF channel by the OBS1 peptide, states assigned as in (B). 
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model in which OBS2 is anchored in the porin and 
OBS1 merely passes unhindered to the periplasm 
(fig. S6, A to C). Instead, a single OmpF trimer 
may bind to both OBS sequences simultaneously 
(fig. S6, A, B, D, and E). To test this hypothesis, 
we used ESI-MS and electrical recordings in 
planar lipid bilayers to compare how many pores 
were available in OmpF and the proteolysed 
translocon to bind a 17-residue ColE9 OBS1 
peptide. ESI-MS data of OmpF yielded well- 
resolved spectra and a mass very close to that 
predicted for the trimer (Fig. 3A and table S2). 
When the OBS! peptide was titrated into OmpF, 
additional mass/charge ratio (m/z) states appeared, 
corresponding to noncovalent binding of OBS1 
in all three of its pores. In contrast, when the 
OBS 1 peptide was added to the trypsin digested 
translocon, a single peptide was bound, indicating 
that only one of the OmpF pores remained ac- 
cessible (Fig. 3B). Furthermore, we were able to 
determine a Ky for the digested translocon com- 
plex with the OBS1 peptide by ESI-MS, which 
matched that for the OmpF-OBS1 complex ob- 
tained by ITC under the same buffer conditions 
(Ka ~ 1 uM) (fig. S7). Thus, the interactions of 
the OBS1 sequence within the porin remain fun- 
damentally the same in the two complexes. 


pmf 
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In a parallel approach, the electrical activity 
of OmpF and the proteolysed ColE9 translocon 
were compared. OmpF produces voltage-gated 
ion channels when incorporated into planar lipid 
bilayers that can be blocked by a variety of mol- 
ecules, including colicin IUTD sequences (/8). 
Purified OmpF had a mean conductance of ~678 + 
13 pS, representing the ion conductivity of all 
three pores within the trimer (Fig. 3C). In con- 
trast, the mean unitary conductance for the 
trypsin-digested translocon was one-third this 
value (217 + 7 pS), consistent with the trans- 
locon having only one of its three OmpF subunits 
able to conduct ions (Fig. 3D). When the OBS1 
peptide was added to OmpF, we saw sequential 
blockades and reopenings of each of its three 
conducting subunits (Fig. 3E and fig. S8). The 
proteolysed translocon channel was also blocked 
by OBS1, but its blockade was manifested as a 
simple two-state current trace consistent with 
the peptide occluding one OmpF pore (Fig. 3F). 
Thus, the ColE9 translocon involves its porin- 
binding sequences occupying two of the three 
subunits of OmpF (fig. S6E). As a consequence, 
the colicin’s [UTD must traverse the hydrophobic 
bilayer of the OM twice, its many charged and 
polar residues, typical of intrinsically disordered 
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Fig. 4. ColE9 uses OmpF to capture TolB on the other side of the membrane in a defined 
orientation. (A) Negative-stain EM structure at ~20 A resolution of the trypsin-digested ColE9 translocon 
composed of the OmpF trimer and TolB connected by ColE9 T2-122, seen in side (left) and face (right) views 
of the membrane plane. OmpF and TolB crystal structures have been manually docked into the density as 
rigid bodies. (B) Structural representation of the ColE9 translocon [the structure for the related ColE3-Im3 
bound to BtuB is shown (PDB accession code 1UJW)] and its protein-protein interaction network across 
the Gram-negative cell envelope (see text for details) (14, 21). 
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protein sequences (/9), sequestered within the 
solvated pores of the oligomeric porin. This thread- 
ing mechanism also implies that OBS1 has the 
ability to insert into an OmpF subunit in either 
orientation; N-to-C when the colicin first docks 
(fig. S6A), as observed in the crystal structure of 
the OmpF-OBS1 complex (/2), and then C-to-N 
when it passes into a neighboring subunit from 
the periplasmic side of the porin (fig. S6E). 
Negative stain electron microscopy (EM) struc- 
tural analysis of the proteolysed translocon high- 
lighted several important features of the assembly 
(Fig. 4A). First, TolB was well resolved, held ~20 A 
from OmpF by ColE9, for which connecting den- 
sity was also observed. Second, TolB was posi- 
tioned asymmetrically relative to OmpF, tilted 
~45° with respect to the membrane. TolB is part 
of the Tol-Pal system that includes the inner mem- 
brane TolQ-TolR-TolA complex and the lipoprotein 
Pal, which together help stabilize the OM (7). 
The ColE9 TBE is an allosteric activator of TolB, 
inducing its association with TolA (20), thereby 
connecting the colicin to the proton motive force 
across the inner membrane (Fig. 4B) (2/). For- 
mation of this network initiates colicin entry by 
triggering release of the tightly bound Im9 in a 
step that probably involves remodeling of the 
nuclease (22, 23). Tethering TolB to OmpF via 
the colicin’s two porin-binding sites ensures that 
TolB does not rotate but rather is presented to 
TolA in a fixed orientation. Although neither OBS 
sequence is essential for ColE9 activity (at least 
one must be present), cell killing is significantly 
enhanced by having both present (/2), suggest- 
ing that restricting TolB rotation increases the 
efficiency of translocation. Third, the intrinsical- 
ly disordered ColE9 TBE has a kinetic advantage 
in binding TolB relative to Pal, the endogenous 
binding partner of TolB with which it competes 
(24, 25). Constraining the ColE9 TBE through 
two OmpF attachment points might further en- 
hance such competition by lowering the entropic 
penalties associated with binding TolB. 
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Temperature Drives the 
Continental-Scale Distribution of Key 
Microbes in Topsoil Communities 


Ferran Garcia-Pichel,?* Virginia Loza,”* Yevgeniy Marusenko,* Pilar Mateo,"* Ruth M. Potrafka* 


Global warming will likely force terrestrial plant and animal species to migrate toward cooler areas 
or sustain range losses; whether this is also true for microorganisms remains unknown. Through 
continental-scale compositional surveys of soil crust microbial communities across arid North 
America, we observed a latitudinal replacement in dominance between two key topsoil 
cyanobacteria that was driven largely by temperature. The responses to temperature of enrichment 
cultures and cultivated strains support this contention, with one cyanobacterium (Microcoleus 
vaginatus) being more psychrotolerant and less thermotolerant than the other (M. steenstrupii). 
In view of our data and regional climate predictions, the latter cyanobacterium may replace the 
former in much of the studied area within the next few decades, with unknown ecological 


consequences for soil fertility and erodibility. 


onized by cryptic photosynthetic assem- 
blages known as biological soil crusts 
(biocrusts) (/, 2). These largely microbial com- 
munities help stabilize the soil against erosion 
(3), are net exporters of biologically fixed car- 
bon and nitrogen (4, 5), and modify the hy- 
drological properties of soil (6), all of which are 
crucial roles for the fertility and sustainability of 
desert ecosystems. Because of the extent of arid 
lands, the biogeochemical contributions of soil 
biocrusts are important globally and not only 
locally (7). Some of the macroscopic biotic com- 
ponents typical of old-growth biocrusts, such 
as lichens or mosses, are known to display geo- 
graphic patterns of distribution (8), which likely 
drive the patterns in biocrust fungi recently de- 
tected by using molecular surveys (9). As with 
most free-living microorganisms (/0, 1/), the geo- 
graphic distributions of biocrust microbes remain 
largely undefined, even for the pioneer primary 
producer microbes that start biocrust formation. 
We undertook a continental-scale survey of 
biocrust bacterial diversity based on 16S rRNA 
gene diversity in community DNA (Fig. 1) and 


P= interspaces in arid lands can be col- 
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characterized each site by a range of parameters 
related to soil type, geochemistry, and texture, 
as well as geography and climate (table S1). An 
initial analysis of bacterial community compo- 
sition resolved at the phylum level yielded nei- 
ther statistically discernible geographic patterns 
nor any strong taxon-parameter associations (table 
S2). This was perhaps not surprising given the 
large functional diversity contained in many 
bacterial phyla (/2). For the Bacteria in general 
it was not possible to achieve deeper taxonomic 
resolution. 

Because much prior descriptive work was 
available for Cyanobacteria (/3—/7), which made 
up the biocrust’s dominant phylum, we could 
develop ad hoc bioinformatic algorithms that 
allowed robust assignment of the large ma- 
jority of sequences to well-defined generic or 
subgeneric entities (Fig. 1). The phototroph com- 
munity was dominated by two oscillatorian (fil- 
amentous, non-heterocystous) cyanobacteria: 
Microcoleus vaginatus and M. steenstrupii. The 
former is considered to be the most common 
and widespread cyanobacterium in biocrusts 
(13) (18), but the second is known to dominate 
at least some locations of the Lower Sonoran 
region (/4). In spite of sharing a generic name, 
these two cyanobacteria are not closely related 
phylogenetically and in fact likely belong in 
different families. But both species are rope- 


formers, a convergent trait that helps them to sta- 
bilize the soil on contact (7) and to become bio- 
crust pioneers. They are in this sense keystone 
species. Other phototrophs detected include sev- 
eral heterocystous (N>-fixing) cyanobacteria and 
also eukaryotic algae (as plastid rRNA sequences), 
most of which were closely allied to Klebsormidium 
spp. (Streptophyta), a known inhabitant of some 
biocrusts (79). In fact, the algal contribution over- 
whelmingly came from just two sites (9 and 12), 
where streptophytes were dominant. Similarity or- 
dination of the phototroph community structure 
revealed three groups of self-similar sites (Fig. 1, 
bottom). One was defined by the dominance of 
streptophytes (sites 9 and 12). Most of the other 
sites could be cleanly split into those dominated 
by M. steenstrupii (12 sites, mostly southem lati- 
tudes), and those dominated by M. vaginatus 
(8 sites, mostly northern). This is consistent with 
prior molecular surveys carried out in a site of the 
Sonoran (/4) versus one in the Colorado Plateau 
(75). Similarity in community composition be- 
tween sites did not correlate well with geographic 
distance between them (R? = 0.2). 

A canonical correspondence analysis (CCA) 
ordinated most sites along a line on a plane, 
the axes of which explained 82 (60 and 22) % 
of the variability in site community composition 
(Fig. 2). Algae-dominated sites mapped away 
from this line. M. steenstrupii was among the com- 
munity members characterizing one end of the 
main distribution, whereas M. vaginatus mapped 
at the opposite end. CCA also identified several 
climatic parameters related to temperature as 
important community composition drivers; pre- 
cipitation and geochemical factors were much 
less influential (Fig. 2). Simple correlation and 
multiple regression analyses applied to the dis- 
tribution of individual taxa (table S3 also showed 
the relevance of temperature). This influence was 
most conspicuous for the pioneer, crust-forming 
oscillatorian cyanobacteria: Among all parameters, 
M. steenstrupii (Pearson coefficient = 0.81) and 
M. vaginatus (—0.56) abundances correlated best 
with mean annual temperature (MAT) (Fig. 2). 
In fact, there was a replacement in relative repre- 
sentation between these two cyanobacteria along 
the MAT range, with a tipping range around 13° 
to 15°C. This dominance shift was not absolute: 
Both cyanobacteria were detected in all samples, 
precluding a lack of dispersal as an explanation 
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for the replacement. Rather, environmental selec- 
tion likely lead to niche separation. 

One of the comparative advantages of study- 
ing climate and geography patterns in microbes 
is that ecophysiological hypotheses can be tested 
directly by using cultures, adding a capacity for 
causal attribution to the correlative patterns de- 
tected statistically (20). To test the temperature 
segregation hypothesis, we used two cultivation 
avenues: the outcome of enrichment cultures as 
a function of incubation temperature and the 
determination of thermophysiological traits of 
newly isolated, pedigreed strains. We hypothe- 
sized, on the basis of results in Fig. 2, that incu- 
bation of field samples in standard minimal media 
maintained below the apparent inflexion range 
of 13° to 15°C should result in a preferential 
enrichment of M. vaginatus over M. steenstrupii 
regardless of the geographic origin of inocu- 
lum and that the opposite outcome would result 
from incubations at higher temperature. Results of 
such enrichments (Table 1) confirmed this pre- 


Fig. 1. Community compo- 
sition of microbial photo- 
trophs in arid soil biocrusts 
of the U.S. southwestern 
region. Site locations de- 
picted as points in map (top 
right) encompassed sever- 
al biogeographic regions 
(the Sonoran, Mojave, and 
Chihuahuan deserts, as well 
as the Great Basin and the 
Colorado Plateau). The pie 
chart (top left) shows an av- 
erage distribution of phylo- 
types for all sites, each given 
equal weight. The explicit 
community composition for 
each site is in the heat map 
table (bottom), with sites 
arranged horizontally accord- 
ing to a similarity analysis 
(the similarity tree crowns 
the table heading). 
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diction. A collection of 22 oscillatorian, rope- 
forming isolates (fig. S1) were pedigreed and 
determined to fall into three of the phylotypes 
recognized in the field communities: M. vaginatus 
(5 strains), M. steenstrupii (12 strains), and a minor 
group that could be assigned to the morphogenus 
“Schizothrix” (5 strains). These strains were sub- 
jected to a battery of tests designed to highlight 
any significant differences in their thermal phys- 
iology. All strains survived freezing, so this was 
not quantified further. By contrast, we found a 
differential response to high temperature. No 
M. vaginatus survived incubation for 12 days 
at 40°C, bleaching completely and losing via- 
bility, whereas all other strains remained viable 
(Fig. 3). Because of their clumpy, adherent, and 
slow mode of growth, standard microbiolog- 
ical growth curves based on subsampling were 
not possible; instead we carried out sacrificial, 
end-point-yield determinations. Although there 
was some level of interstrain variability, trends 
did appear. At low temperature (10°C, Fig. 3), 
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M. vaginatus strains grew more than most strains 
of M. steenstrupii, the latter scoring poorly. In the 
psychrophylic range (5° to 15°C), average yields 
of all MZ. vaginatus were significantly higher (P < 
0.05; t test) than those of M. steenstrupii. The 
situation reversed at high temperature, where four 
of the five best-performing strains at 35°C belonged 
to M. steenstrupii and M. vaginatus performed 
poorly or failed to grow. Between 30° and 35°C, 
M. steenstrupii strains grew significantly (P < 
0.05; ¢ test) more than those of M. vaginatus. 
Strains belonging to the Schizothrix clade, by 
contrast, performed uniformly well, indicating that 
this organism was not as influenced by temper- 
ature. The overall inference from our culture studies 
is that, as predicted by their geographic distribu- 
tion, M. vaginatus represents an inherently more 
psychrotolerant taxon than M. steenstrupii, whose 
members are more thermotolerant. 

The distributional and ecophysiological evi- 
dence gathered here allows us to logically pre- 
dict that a few degrees of temperature increase 
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Fig. 3. Temperature physiology of biocrust-relevant strains. Strains tested are arranged vertically 
according to phylogenetic placement (a simplified tree is shown at left, with bootstrap support at the nodes, a 
full tree is in fig. $1): strains of M. vaginatus are at the top (data in blue background), those of M. steenstrupii 
in the middle (pink background), with “Schizothrix” strains below (green background). Charts show strain 
sensitivity to extreme heat (Survival at 40°C, positive for survival is darkened) and their ability to grow at low 
(yield at 10°C) and high (yield at 35°C) temperatures. Crosses indicate a value lower than the detection limit. 


Table 1. Ratio of M. vaginatus over M. steenstrupii attained in enrichment cultures after 1 to 
2 months of incubation as a function of temperature and inoculum source. Original ratios have 
their basis in data for the sites (shown in Fig. 1). 


Ratio 
Inoculum source After enrichment 
Original 
at 4°C at 15°C at 30°C 
Site 7 (Colorado Plateau) 6.00 27 11 0.20 
Site 3 (Colorado Plateau) 1.55 48 35 0.16 
Site 15 (Sonoran Desert) 0.19 9 2 0.03 
Site 20 (Mojave Desert) 0.07 : 20 0.17 
*Insufficient biomass development for counts 
28 JUNE 2013 VOL 340 SCIENCE 


Fig. 2. Environmental factors driving com- 
munity structure. CCA of the compositional 
and environmental data set for the survey of 
sites (left) yields a significant model (trace P = 
0.008), where (with the exception of commu- 
nities dominated by algae, sites 9 and 12) most 
communities ordinate along a continuum driven 
most strongly by vectors related to temperature 
and typified by the presence of one of the two 
major oscillatorian phylotypes at opposite ends in 
the distribution. CCA used data from all 23 sites 
and from 10 environmental variables preselected 
among those that showed some level of correla- 


tion with community composition in preliminary tests. An explicit depiction at the abundance of 
these two phylotypes as a function of site mean annual temperature (right) reveals a pattern of 
mutual exclusion or niche separation, with a tipping range around 13° to 15°C. 


can result in a replacement in the dominance of 
M. vaginatus by M. steenstrupii on the cooler side 
of the current boundary (Fig. 2). In fact, warm- 
ing in the southwestern United States is among 
the most marked on record (2/), and a variety 
of climate models predict further increases in 
aridity and a warming in the order of about a de- 
gree per decade (22, 23). This rate should trans- 
late in a complete replacement of M. vaginatus 
dominance from the area studied here in some 
50 years. In this sense, terrestrial cyanobacteria 
respond differently than macroscopic vegetation 
in the area, whose biogeography is most heavily 
influenced by rainfall patterns, as is the sensitivity 
to global change of biocrust mosses (24). Given 
that both cyanobacterial species are found through 
the study range, populational shifts should pro- 
ceed unimpeded by dispersal. Although some 
of the physiological and genetic properties of 
M. vaginatus, long recognized as important, have 
been determined (25-28), practically nothing is 
known about M. steenstrupii. Therefore, the con- 
sequences of replacement in such keystone species 
cannot be predicted at this time. In the short 
term, M. steenstrupii should also be considered 
as inoculum by land managers, in addition to 
M. vaginatus, for soil management and restora- 
tion efforts in arid lands. 
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Mechanism of Eukaryotic RNA 
Polymerase III Transcription Termination 


Soren Nielsen, Yulia Yuzenkova, Nikolay Zenkin* 


Gene expression in organisms involves many factors and is tightly controlled. Although much is known 
about the initial phase of transcription by RNA polymerase III (Pol III), the enzyme that synthesizes 
the majority of RNA molecules in eukaryotic cells, termination is poorly understood. Here, we show 
that the extensive structure of Pol Ill-synthesized transcripts dictates the release of elongation 
complexes at the end of genes. The poly-T termination signal, which does not cause termination in 
itself, causes catalytic inactivation and backtracking of Pol Ill, thus committing the enzyme to termination 
and transporting it to the nearest RNA secondary structure, which facilitates Pol Ill release. Similarity 
between termination mechanisms of Pol III and bacterial RNA polymerase suggests that hairpin-dependent 
termination may date back to the common ancestor of multisubunit RNA polymerases. 


ermination of transcription is an oblig- 

| atory step after synthesis of the transcript, 
which leads to dissociation of RNA poly- 
merase (RNAP) and the transcript from the 
template DNA. However, evolutionarily con- 
served multisubunit RNAPs from bacteria and 
Archaea and three eukaryotic RNAPs use dif- 
ferent mechanisms to terminate transcription 


Fig. 1. Pol Ill pauses on the poly-T A 
signal but does not terminate. 
(A) Scheme of assembled elongation 
complexes (EC13) containing 13-nt- 
long RNA (RNA13) is shown at the 


RNA13 
S'AAUA 


3' TGAATGTCGGTAGCTCTCC 


(/—3). Eukaryotic polymerase III (Pol III) ter- 
minates after synthesis of a poly-U stretch (4, 5), 
and most studies have focused on the efficiency 
of recognition of the poly-T (on the nontemplate 
strand) termination signal (6, 7). However, the 
events leading to termination on the poly-T signal; 
that is, dissociation of Pol III from the template, 
are not known. 


EC13 3 


eee re non-template strand 


NM CGGAAGGCTTGTGCCGCTTATCGGT 


A 
G 
Py acrracin ta 1. GCCTTCCGAACACGGCGAATAGCCA 
A 


We used in vitro—assembled elongation com- 
plexes, which have been successfully used to in- 
vestigate various RNAPs (8—//), to examine this 
problem. These complexes—assembled with pu- 
rified RNAP, synthetic complementary template 
and nontemplate DNA strands, and RNA—allow 
us to skip the initiation step, therefore excluding 
any accessory factors from the reaction. We immo- 
bilized complexes on streptavidin beads through 
biotin on the 5’ end of the nontemplate strand, and 
we labeled RNA by incorporation of radioactive 
nucleoside monophosphates (scheme in Fig. 1A) 
(12). We analyzed transcription through poly-T 
signals of various lengths by purified Saccharo- 
myces cerevisiae Pol III. As seen in Fig. 1, A and 
B, transcripts finishing after Ts to Tj9 were tran- 
scribed (compare to fig. S1). 

To test if transcripts ending with a poly-U 
stretch were released from the template as a 
result of termination, we analyzed RNA in the 
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bilized on beads through biotin ae cog a a NTPs, 1mM - +t __~ _*_ -_+__ 
on the 5’ end of the nontemplate fanscdbtion ~p2-p2-o2-p2 10 min BRS BES BRE 
strand. Transcription occurred for 2S 53 55 OG transcription 2858 285% 283 
10 min on templates with poly-T Run Off se? ? Run Off _ a # - e @— Run Off 
signals of different lengths in the = = . 
presence of 1 mM of either uridine = = 
triphosphate (UTP) or all nucleo- = a 
side triphosphates (NTPs). Hereafter, = = =— = = ae Jrov 
black vertical lines separate parts eS = —| = _—— — . 
of a single gel that were brought be Poe 
together. (B) After 10 min of tran- RNA13 ——_————— aii = 
scription on the templates depicted Wipes RUE SLSR E LORD = ae Se 


above the gels (12), released tran- 


scripts (supernatant, “super”) were separated from transcripts that remained in the immobilized complexes (“beads”) (scheme in the frame above the gels). The 
length of RNA preceding the poly-U tract is depicted above the gels. 


www.sciencemag.org SCIENCE VOL 340 28 JUNE 2013 


Downloaded from www.sciencemag.org on June 27, 2013 


1577 


REPORTS 


1578 


supernatant and immobilized fractions of the 
reaction (scheme of Fig. 1B). As seen in Fig. 1B, 
although RNAs resulting from transcription to 
the end of template (run-off products) were re- 
leased in the supernatant, transcripts ending at 
the poly-T signal remained part of the elongation 
complex (even after prolonged incubation), inde- 
pendently of the length of the transcript or se- 
quences surrounding the poly-T signal (/2). The 
inability of Pol III and RNA to leave DNA was 
not due to the deficiency in the upstream DNA 
duplex restoration or to formation of an extended 
RNA-DNA hybrid (/3) (fig. S2, A and B). These 
results indicate that Pol III pauses rather than 
terminates at the poly-T signal. 

We analyzed transcription of the full-length 
5S and tRNA™ (SUP4) genes. Given the length of 
each gene, as a template we used streptavidin- 
bead-immobilized, double-stranded polymerase 
chain reaction product with a single-stranded ex- 
trusion at the 3’ end of the template strand and 
an RNA primer complementary to this extrusion 
(12, 14) (scheme in Fig. 2A). Transcription ended 
in the poly-T signal; however, the full-length 5S 
and tRNA’" RNAs were readily released from 
the template (Fig. 2A, lanes 1 to 3 and 7 to 9, 
respectively). The abolished release of the run- 


off products is explained by immobilization of 
complexes via the 5’ end of the template strand. 
Transcript release during bacterial transcrip- 
tion termination is facilitated by an RNA hairpin 
that forms behind the poly-U tract (75). All tran- 
scripts synthesized by Pol II, as per their functions 
(structural or tRNAs), have extensive secondary 
structures, so that the poly-U tract is preceded 
by RNA hairpins and/or stems (fig. S3 and table 
S1). We therefore hypothesized that, as in the 
case of bacterial termination, termination by Pol 
III may also be facilitated by an RNA hairpin 
and/or stem, in this case, provided by the struc- 
ture of RNA itself. To test this hypothesis, we 
changed the sequence of the 5S and tRNA™ 
genes to eliminate formation of RNA secondary 
structures close to poly-U stretch of the transcript 
(5S-HP and tRNA”"-HP templates; -HP, no hair- 
pin). The release of the transcripts ending in the 
poly-U signals of the mutant genes was indeed 
abolished (Fig. 2A, lanes 4 to 6 and 10 to 12). 
To test the requirement for the RNA secondary 
structure during Pol III termination in the presence 
of transcription factors, we analyzed transcription 
in more native conditions by using S. cerevisiae 
nuclear lysates and promoter-containing DNA 
templates (scheme in Fig. 2B). Given that any 


alterations to the secondary structure of RNA™ 
destroy the internal promoter of Pol III, an unstruc- 
tured spacer was introduced between the body of 
tRNA" and the poly-U stretch. In full agreement 
with the results obtained with purified Pol III, the 
secondary structure preceding the poly-U tract 
was essential for termination (Fig. 2B). 

To directly test the role of an RNA hairpin in 
termination by Pol III, we changed the sequence 
of template T,2, which did not allow for release 
(Fig. 2C, lanes 1 to 3), so that the synthesized 
transcript formed a 9-base pair—long hairpin 
before the poly-U stretch. This led to the release 
of the transcript ending in the poly-T signal; that 
is, to termination (HP/T > template; Fig. 2C, lanes 4 
to 6). Addition of a short RNA complemen- 
tary to the hairpin-less transcripts upstream of 
(but not far away from; see fig. S4) the poly-U 
stretch, which mimics a termination hairpin (/6), 
also resulted in efficient termination (Fig. 2C, 
lanes 7 to 9). The 5S helix I, formed by the most 
proximal 5’ and 3’ parts of 5S RNA (scheme in 
Fig. 2A), placed upstream of the poly-T signal 
also caused efficient termination (Fig. 2C, lanes 
10 to 12). 

For efficient termination by bacterial RNAP, 
an RNA hairpin has to be immediately upstream of 
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the poly-U stretch (/, 77). Consistently, a hair- 
pin immediately upstream in the poly-U tract 
also causes termination by Pol III (Fig. 2C). To 
test the requirements for the distance between a 
hairpin and the poly-U tract, we introduced un- 
structured spacers of different lengths (Fig. 2D). 
We found that a distance as large as ~12 base 
pairs between the poly-U stretch and the hair- 
pin allows for efficient termination (Fig. 2D, 
lanes | to 3). Longer spacers result in diminished 
termination (Fig. 2D, lanes 4 to 9; see also fig. S4). 
These results suggest that an RNA hairpin formed 
within ~12 nucleotides (nt) upstream of the 
poly-U stretch is sufficient for termination of 
the poly-T—paused complex, which is consistent 
with lengths of spacers between the poly-U tract 
and the nearest secondary structure found in 
transcripts synthesized by Pol III (table S1). 
The ability of the termination hairpin to act 
on the paused complex at a distance of ~20 nt 
from the 3’ end of the transcript suggests that the 
paused complex should slide backward to ap- 
proach the hairpin. We analyzed the geometry 
of the paused elongation complexes carrying 8U 
(EC8Y) and 10U (Ec'°") tracts on the 3’ ends of 
their hairpin-less transcripts. To map the position 
of the Pol III active center, we used the ability of 
the RNAP active center to immobilize Fe** ion 
(instead of the native Mg”), which, by gener- 
ating hydroxyl radicals, induces cleavage of the 
transcript in the vicinity of the active center (/8). 
As seen in Fig. 3A, transcripts in EC®” and 
EC'°Y were cleaved in the 5’ proximal part of the 
poly-U tract (lanes 4 and 9), indicating that 
the active center of Pol III has backtracked from 
the 3’ end of RNA. Protection from ribonuclease 
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A (RNase A), which cleaves single-stranded 
RNA after pyrimidines, was also consistent with 
the backtracked conformation, as bodies and poly- 
U tracts of the transcripts of EC8” and ECV 
were mostly protected from RNase A (Fig. 3A, 
lanes 2 and 7, and fig. S5). In agreement with 
the length of the secondary channel (19), the 3’ 
end proximal Us in ECU, but not in ECS, 
were exposed to RNase A (Fig. 3A, lanes 2 and 
7, and fig. S5). Backtracking of the termination 
complex thus explains a loose (anywhere within 
~12 nt) requirement for the positioning of the 
termination hairpin and/or stem upstream of the 
poly-T signal. 

Note that the backtracking of ECP°’™ is 
unusual because the highly efficient hydrolytic 
activity of the Pol III active center (/4), which 
can rescue a backtracked complex, is switched 
off (compare complexes in Fig. 3B and fig. S6B). 
Such unusual inactivation, as well as impos- 
sibility of RNA extension in EC?"YY (compare 
complexes in Fig. 3B and fig. S6B), ensures the 
formation of a “dead-end” complex, whose only 
fate is to terminate. 

The distance between the Pol III active cen- 
ter (but not necessarily the 3’ end of RNA) and 
the RNA secondary structure required for ter- 
mination is 7 nt (fig. S7A and supplementary 
text), which, notably, resembles bacterial termi- 
nation. Most of the Pol III transcripts contain no 
or very short spacers between the poly-U signal 
and the nearest secondary structure (table S1). 
Therefore, the function of poly-T signal on these 
templates is to pause Pol III at ~7 nt from the 
nearest secondary structure (supplementary text 
and fig. S8). However, some transcripts synthe- 
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Fig. 3. Complex paused on termination signal undergoes deep backtracking. (A) Probing of 
EC’ and EC?’ with RNase A and hydroxyl radicals generated by Fe** bound in the Pol III active center 
(scheme below the gels). Lanes 5 and 10 (without dithiothreitol, DTT) are controls for hydrolysis caused 
by Fe". Radiolabels in transcripts are shown in red. Cleaved positions are shown with arrows. The identity 
of positions cleaved by RNase A was confirmed with 5’-end—labeled RNA (fig. $5). Interpretation of the 
probing results is shown schematically below the gels. (B) RNA extension and hydrolysis in EC®Y, EC”, 


and EC® (see also fig. $6). 
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sized by Pol III contain longer spacers between 
the poly-U tract and the nearest RNA duplex 
(fig. S3 and table S1), which suggests that the 
deep backtracking on the poly-T signal of these 
genes is required to bring Pol III closer to the 
nearest secondary structure (fig. S8). In the case 
of short spacers, the 3’ penultimate RNA duplex 
(such as helix IV of 5S RNA and the TyC arm 
of tRNA) can also cause termination, should 
the 3’ proximal hairpin fail to fold and Pol II 
backtracks (fig. S8). 

Backtracking on the poly-T signal results 
in a strong (G- and C-rich) RNA-DNA hybrid 
within the termination complex but does not in- 
fluence termination. Efficient hairpin-dependent 
termination can also be achieved on a poly-G 
track (fig. S7A). Therefore, termination by Pol 
III does not require a weak RNA-DNA hybrid, 
as was postulated earlier (75). Backtracking and 
the presence of a nonhomopolymeric RNA- 
DNA hybrid within the backtracked ECP? 
also exclude possibilities of forward transloca- 
tion (20) and RNA-DNA hybrid shearing (2/), 
respectively, as possible mechanisms for ter- 
mination. The results are consistent with the 
recently proposed allosteric mechanism of ter- 
mination (22), when the RNA hairpin allosteri- 
cally opens RNAP and leads to its dissociation 
from the template, though we cannot exclude the 
possibility that hairpin-dependent destruction of 
the Pol III elongation complex takes place via a 
different route. 

The above results argue that, in itself, the 
poly-T signal may not be sufficient for elongation 
complex destruction. Archaeal RNAP, which was 
proposed to terminate on the poly-T signal with- 
out involvement of additional factors (3), also 
fails to dissociate on the poly-T signal, whereas an 
RNA hairpin is sufficient to cause termination 
(fig. S7B). This finding suggests that Archaea 
may also use RNA-duplex—dependent termina- 
tion, the mechanism of which may date back to 
the last universal common ancestor (LUCA). 
Termination caused by structures embedded 
in the functional body of the transcript provides 
a simple, factor-independent mechanism for the 
finish of gene transcription and may serve as a 
checkpoint for proper folding of RNA, which has 
been essential for the ribozymes of the LUCA 
and remains essential for structural and/or cat- 
alytic RNAs synthesized by Pol III. 
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Transcription Under Torsion 


Jie Ma,*? Lu Bai,?* Michelle D. Wang”’2* 


In cells, RNA polymerase (RNAP) must transcribe supercoiled DNA, whose torsional state is constantly 
changing, but how RNAP deals with DNA supercoiling remains elusive. We report direct measurements 
of individual Escherichia coli RNAPs as they transcribed supercoiled DNA. We found that a resisting 
torque slowed RNAP and increased its pause frequency and duration. RNAP was able to generate 11 + 4 
piconewton-nanometers (mean + standard deviation) of torque before stalling, an amount sufficient to 
melt DNA of arbitrary sequence and establish RNAP as a more potent torsional motor than previously 
known. A stalled RNAP was able to resume transcription upon torque relaxation, and transcribing 
RNAP was resilient to transient torque fluctuations. These results provide a quantitative framework for 


We investigated how RNAP stalled as it worked 
against (+) supercoiling downstream or (—) super- 
coiling upstream. Before the cylinder was trapped, 
RNAP translocation could be directly visualized 
by rotation of a tethered cylinder (movie $1). Once 
trapped, the cylinder’s orientation was controlled 
by the AOT. RNAP translocation rotated the 
DNA, forming a (+) plectoneme in downstream 
stalling experiments (Fig. 1B and fig. SSA) ora 
(—) plectoneme in upstream stalling experiments 
(figs. S4 and SSB). Resisting torque build-up 
eventually led to transcription stalling. Our method 
was inspired by previous magnetic tweezers— 


understanding how dynamic modification of DNA supercoiling regulates transcription. 


NA supercoiling is a regulator of gene ex- 
D=« (/—-5). RNA polymerase (RNAP) 

must transcribe supercoiled DNA, and 
transcription elongation, in turn, generates DNA 
supercoiling. As RNAP moves along the heli- 
cal groove of DNA, it generates (+) DNA super- 
coiling ahead and (—) DNA supercoiling behind 
(the “twin supercoiled domain model”) (/, 3—6). 
DNA supercoiling is broadly present during tran- 
scription (3—5). Active transcription can accumu- 
late dynamic DNA supercoiling on DNA templates 
that are not bound by topological constraints (3), 
as well as in the presence of a normal comple- 
ment of topoisomerases in vivo (4). However, 
little is known about some basic properties of the 
interplay between transcription and DNA super- 
coiling. We have developed an assay to directly 
monitor RNAP translocation in real time as it 
worked under a defined torque. An RNAP was 
torsionally anchored to the surface of a cover- 
slip, and either the downstream or upstream 
end of the DNA template was torsionally an- 
chored to the bottom of a nanofabricated quartz 
cylinder held in an angular optical trap (AOT) 
(Fig. 1A and fig. S1) (7-/7). An AOT allows 
simultaneous control and measurement of ro- 
tation, torque, displacement, and force of the 
trapped cylinder (8—//). Analysis of these mea- 
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based studies to monitor transcription and am- 
plify its detection (/2—/4) but is distinct from 
those studies in its real-time transcription elonga- 
tion detection and/or flexible torque control and 


surements allowed for the determination of the 
RNAP position on the DNA template as it tran- 


scribed under torque (//). readout. 
A RNAP B 
—> 


upstream downstream 


(nm) 


anti-HA 
= cover glass = 


Extension 


cover glass 


Fig. 1. Stall torque experiments. (A) (Top) 
Cartoon depicting the twin supercoiled domain 
model (2). (Bottom) Experimental configuration 
that mimics the twin supercoiled domain model 
for transcription against (—) supercoiling up- 
stream or (+) supercoiling downstream. t, torque; 
F, force; HA, hemagglutinin. (B) Representative 
set of data for downstream stall torque mea- 
surements. After the introduction of nucleoside 
triphosphates (NTPs), the force on the DNA was 
clamped at a low value while DNA was me- 
chanically unwound to form a ©) plectoneme. 
Subsequent translocation of RNAP neutral- 
ized the (-) plectoneme (steps 1 and 2) and 
resulted in (+) plectoneme formation (step 3). 
The force clamp was then turned off (step 4). 0 10 20 30 40 
RNAP translocation increased the force (directly Time (s) 

measured) and the corresponding torque (derived) (22) until reaching a stall [<1 base pair (bp)/s for 20 to 50 s]. 
Data were filtered: extension to 200 Hz (black) and 1 Hz (red) and force to 40 Hz (black) and 1 Hz (red). The 
RNAP template position is defined as the distance of RNAP from the transcription start site (in base pairs). 
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The measured downstream stall torque distri- 
bution is well fit by a Gaussian function, yielding 
a mean torque of 11.0 + 3.7 pN-nm (mean + SD), 
with the largest measured value being ~18 pN-nm 
(Fig. 2A and fig. S6A). This mean torque is suf- 
ficient to create (+) plectonemic DNA under the 
low forces used in our experiments. In contrast, 
the upstream stall torque distribution shows an 


Fig. 2. Transcription stalling and resumption. 
(A) Distribution of the measured downstream 
stall torques. The smooth blue curve is a fit with 
a Gaussian function, yielding a mean of 11.0 + 
3.7 pN-nm (mean + SD). (B) Distribution of mea- 
sured upstream stall torques. The smooth curve is a fit 
with a Gaussian function assuming that the peaked 
fraction generated torques of at least 10 pN-nm, 
yielding a mean of 10.6 + 4.1 pN-nm (mean + SD). 
(©) Example traces showing RNAP reverse translo- 
cation upon stalling. Both axes are shifted for clarity. 
For each trace, the arrow indicates the entry into a 
stall. (D) Fraction of RNAPs that resumed transcription 
after torque release versus time. After stalling, torque 
on RNAP was relaxed, and transcription was detected 
by an experiment similar to that shown in step 1 of 
Fig. 1B. Error bars indicate SEM. 


Fig. 3. Transcription response to a transient 
torque pulse. (A) (Top) Cartoon illustrating steps 
of the torque pulse experiments and (bottom) 
representative traces of data. RNAP initially 
transcribed under a low downstream torque of 
~+7 pN-nm and then was subjected to a higher 
torque pulse for either 5 or 0.5 s before resto- 
ration of the initial low torque. Traces 1 and 4 
are controls. The extension and time axes are 
shifted for clarity. (B) Probability of maintaining 
active transcription during the 5-s torque pulse. 
The blue solid line is a fit to a Boltzmann func- 
tion): f = 1/[1 + e ~*~"), where t, is the charac- 
teristic cutoff torque, and to is the characteristic 
width of the transition torque. Error bars indicate 
SEM. (C) Probability of resuming transcription imme- 
diately (within 5 s) after the torque pulse. Error bars 
indicate SEM. 
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asymmetry (Fig. 2B and fig. S6B). Unlike (+) 
supercoiled DNA, which can sustain a much higher 
torque before structural changes, (—) supercoiled 
DNA undergoes a transition at 10.5 pN-nm con- 
sistent with melting (fig. S3) (77). The upstream 
stall torque distribution shows a singular peak 
immediately before a sharp cutoff near the DNA 
melting torque, and ~60% of RNAPs were stalled 
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between 10 to 12 pN-nm. These data indicate 
that RNAP is able to generate an upstream 
torque sufficient to alter DNA structure. The up- 
stream data were fit with a Gaussian function, 
yielding a Gaussian centered at 10.6 + 4.1 pN-nm, 
comparable to the downstream stall torque (Fig. 
2B). The spreads in the measured stall torque 
distributions are attributed to DNA sequence 
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variations and single-molecule stochasticity, 
according to a thermal-ratchet kinetic model for 
transcription elongation that we previously devel- 
oped (/5-17). 

Thus, RNAP is fully capable of generating 
torque sufficient to melt DNA of arbitrary sequence 
(1), not just AT-rich sequences that are prone 
to melting (3, 4, /7). The strong (—) supercoiling 
generated by RNAP may facilitate initiation of 
transcription from adjacent promoters (/8), bind- 
ing of regulatory proteins (3, 4), and initiation of 
replication (79). 

We found that, in some traces, RNAP reverse 
translocated upon stalling (Fig. 2C). This reverse 


motion suggests that torque may induce stalling 
via backtracking, during which RNAP translo- 
cates back along the template DNA and displaces 
the 3’ transcript from the active site, preventing 
RNA synthesis (20-22). 

In vivo, torsional stress accumulated by RNAP 
may be relaxed by the arrival of a topoisomerase 
at the DNA template or by DNA rotation. We 
found that stalled RNAPs gradually resumed 
transcription following torque release (Fig. 2D). 
At 90 s after torque release, ~50% of stalled 
RNAPs had resumed transcription. Thus, in vivo 
torque relaxation should allow a large fraction of 
stalled RNAPs to resume transcription, prevent- 
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Fig. 4. Determination of transcription torque-velocity relationship. (A) Representative set of data for 
transcription measurement under a constant torque. Transcribing RNAP, under a small and constant tension 
of 0.15 pN, was subjected to multiple cycles of resisting and assisting torque. For each cycle, the down- 
stream DNA was mechanically unwound to remove any (+) plectoneme (step 1) and create a (-) plectoneme 
(step 2). Subsequent RNAP transcription was assisted by the (-) DNA supercoiling (step 3), until the 
generation of (+) supercoiling, which hindered transcription (step 4). In the presence of a plectoneme, the 
torque on the DNA was constant for a given force (9) (fig. $3), and RNAP velocity was derived from the slope 
of the extension-versus-time curve (71). Also, we define a resisting torque to be (+) and an assisting torque 
to be ~). Data were filtered to 200 Hz (blue and red) and 1 Hz (gray). (B) Representative transcription traces 
under a torque of +7.5 pN-nm. Continuous transcription (green smoothed data) was interrupted by pauses 
(red smoothed data). (C) Transcription torque-velocity relationship. Transcription velocity was obtained by 
weighting each transcript position equally, and the resulting velocity reflected primarily transcription rates 
between pauses (11, 29). Vertical error bars indicate SEM; horizontal error bars denote SD. (D) Pause density 
(top) and duration (bottom) as a function of torque. A pause is defined as having a duration of >0.2 s at a 
given nucleotide position (11). Zero-torque data (fig. S8) had lower sensitivity to transcription due to lack of 
plectonemes in DNA, precluding detection of pauses of 0.2 to 2 s in duration, and were thus excluded from 
pause analysis. Vertical error bars indicate SEM; horizontal error bars denote SD. 


ing them from becoming obstacles or inducing 
DNA damage that disrupts genome stability (23). 

In vivo, torsional stress in local DNA seg- 
ments may be present transiently due to actions 
of motor proteins and dynamic reconfiguration 
of topological domains. However, it is not known 
how these sudden changes in torsional stress might 
influence a transcribing RNAP. We thus carried 
out transient torque pulse experiments to deter- 
mine how RNAP responded to a brief exposure 
of a resisting torque on a time scale comparable 
to those of topoisomerases (24-26) (0.5 or 5 s) 
(Fig. 3A). We found that the fraction of active 
RNAPs during the 5-s pulse decreased as the 
torque was jumped to an increasingly higher 
value (Fig. 3B). The characteristic cutoff torque 
was 10.6 + 4.0 pN-nm, a value similar to the 
mean stall torque. A substantially larger fraction 
of RNAPs was able to transcribe immediately 
(within 5 s) after the 0.5-s pulse, as opposed to 
after the 5-s pulse (Fig. 3C), indicating that a 
0.5-s torque pulse does not give sufficient time 
for RNAP to backtrack substantially. Thus, RNAP 
can effectively resist transient torque fluctuations 
(<0.5 s) but is unable to withstand prolonged ex- 
posure to a large torque without stalling or arresting. 

We investigated the torque-velocity relation- 
ship, which characterizes how the transcription 
speed is regulated by torque (Fig. 4A). To maintain 
a constant torque, we monitored transcription in the 
presence of a DNA plectoneme under a small and 
constant force. The measured transcription traces 
showed that continuous elongation was interrupted 
by frequent pausing (Fig. 4B and fig. S7). Because 
of the sensitivity of the assay, it was possible to 
resolve pauses as short as 0.2 s. By analyzing the 
velocity between pauses, we obtained the torque- 
velocity relation of RNAP. Figure 4C shows how 
the transcription rate increased with an assisting 
torque and decreased with a resisting torque. In 
addition, both pause density and duration 
decreased with an assisting torque and increased 
with a resisting torque (Fig. 4D). 

We show that RNAP can generate torque; 
torque, in turn, regulates transcription rate and 
pausing; and excessive torque accumulation leads 
to transcription stalling and DNA structural al- 
teration. A transcription-generated supercoiling 
wave can propagate through DNA to provide ac- 
tion at a distance, not only to alter DNA structure 
(3, 4) but also to potentially alter or dissociate 
bound proteins (3, 4, 27). Torsion generated by 
eukaryotic RNAP may alter chromatin fiber and 
evict histones (4, 27, 28), and torsional relaxa- 
tion by chromatin may, in turn, facilitate tran- 
scription (28). 
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Fe-S Cluster Biosynthesis Controls 
Uptake of Aminoglycosides in a 
ROS-Less Death Pathway 
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All bactericidal antibiotics were recently proposed to kill by inducing reactive oxygen species (ROS) 
production, causing destabilization of iron-sulfur (Fe-S) clusters and generating Fenton chemistry. 
We find that the ROS response is dispensable upon treatment with bactericidal antibiotics. 
Furthermore, we demonstrate that Fe-S clusters are required for killing only by aminoglycosides. 
In contrast to cells, using the major Fe-S cluster biosynthesis machinery, ISC, cells using the 
alternative machinery, SUF, cannot efficiently mature respiratory complexes | and II, resulting in 
impendence of the proton motive force (PMF), which is required for bactericidal aminoglycoside 
uptake. Similarly, during iron limitation, cells become intrinsically resistant to aminoglycosides 
by switching from ISC to SUF and down-regulating both respiratory complexes. We conclude that 
Fe-S proteins promote aminoglycoside killing by enabling their uptake. 


eactive oxygen species (ROS) have been 
Ree proposed to be central to cell 

killing by all classes of bactericidal anti- 
biotics (/). However, using a recently published 
high-throughput chemical-genetics screen in Esch- 
erichia coli, we did not detect any functional en- 
richment for ROS-defense genes in the profiles 
of two major classes of bactericidal antibiotics: 
B-lactams, which target the cell wall, and amino- 
glycosides, which cause mistranslation (fig. S1) 
(2). Instead, B-lactams and aminoglycosides cause 
cellular death through unrelated morphological 
defects (3-5) (fig. S2). We decided to further ex- 
plore the proposed role of ROS in antibiotic killing 
by using a series of mutants altered in the protective 
response of £. coli against ROS and testing them 
with a B-lactam [ampicillin (Amp)] and an amino- 
glycoside [gentamicin (Gm)] antibiotic. 


1aboratoire de Chimie Bactérienne, Aix-Marseille Université, 
CNRS, UMR 7283, Institut de Microbiologie de la Méditerranée, 
31 Chemin Joseph Aiguier, 13009 Marseille France. 2Genome 
Biology Unit, European Molecular Biology Laboratory, Meyer- 
hofstrasse 1, 69117 Heidelberg, Germany. 


*Corresponding author. E-mail: barras@imm.cnrs.fr 


E. coli mutants, hypersensitive to O." (lacking 
both cytoplasmic superoxide dismutases, AsodA 
and AsodB) or to HO (lacking the H2O>-sensing 
master activator, AoxyR), exhibited similar sensi- 
tivities to Gm and Amp as the wild type (WT) ina 
time-dependent killing experiment, with AoxyR 
being more resistant to Amp at the last time point, 
4.5 hours after drug addition (Fig. 1, A and B). 
When tested in a concentration-dependent killing 
experiment, the two mutants were as sensitive as 
WT to Gm (Fig. 1C) but exhibited small differences 
to the WT at intermediate Amp concentrations, at 
levels that provided no support for a prominent role 
for ROS defense mechanisms during treatment 
with bactericidal antibiotics (Fig. 1D). In contrast 
and as expected, both strains were hypersensitive to 
their respective ROS source, a known O,” gen- 
erator (paraquat) and H,O; (fig. S3). Similarly, an 
oxyRc strain constitutively expressing the OxyR 
regulon—which is significantly more resistant to 
HO; (fig. S3)—showed slight differences to WT 
in killing experiments with Amp and Gm (Fig. 1, 
A to D), tending to be more susceptible to both 
antibiotics than WT (Fig. 1, C and D). 


The lack of evidence for a link between oxi- 
dative stress and bactericidal antibiotics also held 
true when testing the same strains for minimal 
inhibitory concentrations (MIC) and growth rates 
in subinhibitory antibiotic amounts (table S1 and 
fig. S4). Taken together, these results revealed no 
association between ROS and bactericidal anti- 
biotic sensitivity, in agreement with two recent re- 
ports using complementary approaches (6, 7). 

Kohanski et al. (1) proposed that protein- 
bound Fe-S clusters are required for killing by 
bactericidal antibiotics because they release 
Fe*" ions that fuel ROS production by Fenton 
chemistry. This assumption was based on the 
fact that mutants lacking the major Fe-S cluster 
biogenesis system ISC were resistant to both 
Gm and Amp. The iscS gene codes for the ISC 
cysteine desulfurase that, in addition to Fe-S pro- 
tein maturation, is involved in all sulfur traf- 
ficking pathways (8, 9). We found that the iscS 
mutant, as previously reported (/), was fully re- 
sistant to Gm killing and showed partial resistance 
to Amp in a time-dependent killing experiment 
using 5 ug/ml for both drugs (Fig. 2, A and B). 
However, the enhanced resistance of the iscS 
mutant was only recapitulated for Gm, but not for 
Amp at lower antibiotic concentrations (fig. S5, A 
and B) or when measuring MICs and growth rates 
in subinhibitory antibiotic concentrations (table 
S1 and fig. SSC). 

We then tested an iscUA mutant, because in 
contrast to the pleiotropic iscS mutant, it is spe- 
cifically compromised in Fe-S cluster biogenesis, 
as it lacks both the scaffold for assembling the 
Fe-S cluster and the transport machinery that in- 
serts the Fe-S cluster into apo-proteins (9, /0). 
Interestingly, the iscUA mutant was resistant to 
Gm and sensitive to Amp in all tests used (Fig. 2, 
A and B, table S1, and fig. S5). We conclude 
that Fe-S clusters are required for the bacteri- 
cidal effect of aminoglycosides but not for that 
of B-lactams. 

If killing by aminoglycosides is not caused 
by ROS, why does eliminating the ISC system 
render E. coli resistant to these antibiotics? Fe-S 
clusters are essential for growth, and E. coli has 
a second assembly system, called SUF (/0). To 
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dissect the role of SUF in aminoglycoside treat- 
ment, we made a mutant lacking endogenous ISC 
and SUF and instead expressing SUF from an 
arabinose-inducible ectopic copy (eSUF). This 
strain only grew in the presence of arabinose, 
confirming that E. coli needs at least one of the 
two Fe-S biogenesis systems to survive (//). More- 
over, eSUF was more resistant to killing by Gm, 
indicating that Fe-S clusters are not per se detri- 
mental to EZ. coli on aminoglycoside treatment. 
In contrast, the parental eSUF isc’ strain was Gm 
sensitive (Fig. 2C and fig. S6A). Thus, E. coli 
without the ISC machinery is resistant to Gm, not 
because it cannot synthesize Fe-S clusters but be- 
cause it uses SUF to build them. 
Aminoglycosides’ uptake into bacterial cells 
requires proton motive force (PMF) that is gen- 
erated by electron flow through the respiratory 
chain (/2—15). We verified the link between the 
PMF and aminoglycoside uptake by using car- 
bonyl cyanide-m-chlorophenylhydrazone (CCCP), 
a PMF uncoupling reagent. Increasing amounts 
of CCCP blocked Gm-mediated killing (Fig. 2D) 
and allowed E. coli to grow well under subin- 
hibitory Gm concentrations (fig. S7). Gm uptake 
was also reduced in cells using exclusively SUF 
(iscUA and eSUF), but addition of ISC to eSUF 
restored Gm uptake (Fig. 2E). Heterologous ex- 
pression of proteorhodopsin (/6), a PMF gen- 
erating system, restored Gm sensitivity for the 


Fig. 1. The ROS-stress response is not required 
for antibiotic killing in E. coli. (A and B) Survival 
of WT and mutants with compromised oxidative stress 
resistance after Gm (5 ug/ml) and Amp (5 pg/ml) 
treatment was essentially the same (black, no anti- 
biotic; red or blue, with antibiotic). Survival, mea- 
sured by colony-forming units (CFU) per ml, was 
normalized relative to time zero at which the anti- 
biotic was added (midexponential phase cells; ~5 x 
10’ CFU/ml) and was plotted as logio of % survival. 
AoxyR lacks the H202 sensing master regulator OxyR, 
which positively controls the expression of ROS- 
defense genes, whereas oxyR, expresses ROS-defense 
genes constitutively. The AsodA AsodB strain lacks 
both cytoplasmic superoxide dismutases. (C and D) 
As above, but survival was measured as a function of 
antibiotic concentration. Logig of % survival was 
measured at 1.5 hours after Gm addition (C) and 
at 3 hours after Amp addition (D). Mutants deviated 
from the WT behavior only in Amp, but the effects 
were inconsistent with a need for ROS defense 
mechanisms during the antibiotic treatment. Values 
are expressed as means (number of experiments 
n = 3 to 10), and error bars depict standard devia- 
tions. Asterisks indicate a statistically significant dif- 
ference between mutants and the WT, apart from 
when two mutants are compared, and then this is 
clearly indicated in the figure. *P < 0.05; **P < 
0.01; and ***P < 0,001 (Mann-Whitney U test). When 
all the measurements within a curve share the same 
significance level, asterisks are shown in parentheses 
after the last measurement point. 
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iscUA mutant (Fig. 2F) but played no role in 
WT cells (fig. S8). We concluded that cells 
lacking ISC are resistant to Gm as a result of a 
PMF defect. 

PMF is largely generated by the respiratory 
complex I, NADH (reduced form of nicotinamide 
adenine dinucleotide) dehydrogenase (Nuo) and, 
to some extent, by complex II, succinate dehydro- 
genase (Sdh) (/7). Complex I, but not complex II, 
directly translocates protons, but both also in- 
directly contribute to PMF production by passing 
electrons to the proton-translocating cytochrome 
oxidases (/7). Complexes I and II contain nine 
and three Fe-S clusters, respectively. Although 
only the single nuo mutant, and not the sdhB 
mutant, was significantly more resistant to Gm 
killing and exhibited lower Gm uptake, the nuo 
sdhB double mutant showed some aggravating 
effect for both killing and uptake (Fig. 3, A and 
B, fig. S6B, and fig. S9). This suggests that both 
systems are targeted by ISC, but they are not the 
only ISC-matured systems that are relevant for 
aminoglycoside resistance, because the nuo sdhB 
double mutant is still more sensitive to Gm than 
the iscUA mutant. Consistent with ISC maturing, 
these complexes—and, as previously reported 
(8}—an iscUA mutant showed close to back- 
ground activity for respiratory complexes I and 
II (Fig. 3C and fig. S10). Because the levels of 
respiratory complex I polypeptides are similar in 
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both WT and iscUA (fig. S11A), we concluded 
that the lack of ISC impairs efficient Fe-S cluster 
insertion in main PMF-producing aerobic respi- 
ratory complexes, leading to reduced Gm uptake 
and killing. 

The findings above also imply that SUF can- 
not adequately substitute for ISC in the matura- 
tion of respiratory complexes I and II. Indeed 
the ISC-deficient eSUF strain showed reduced 
activity levels of respiratory complexes I and II 
(~45% of WT) (Fig. 3C), despite the high SUF 
protein level (fig. S11A). Only a concomitant 
increase in the respiratory complex I protein level 
by a factor of about 5 (fig. S11B), using an induc- 
ible plasmid (pNuo'), yielded sufficient increase 
in complex I activity (~70% of WT) (Fig. 3C) to 
restore both Gm uptake (Fig. 3B) and sensitivity 
(Fig. 3D). This suggests that higher than normal 
levels of both SUF and its substrate are required 
for SUF to efficiently mature respiratory com- 
plexes I and II. £. coli has a second NADH de- 
hydrogenase system, NdhII, which lacks Fe-S 
clusters and does not translocate protons. We 
found that NADH reduction mediated by NdhII 
is slightly increased in the iscUA mutant (fig. S12), 
but this increase in respiration was not sufficient 
to support Gm uptake (Fig. 2E). 

Under iron limitation, cells use SUF instead of 
ISC (11, 18, 19). We suspected that this might be 
the reason Kohanski et a/. reported that chelation 
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of Fe eliminates aminoglycoside killing (/) and 
misinterpreted it as a role for Fenton chemistry in 
antibiotic killing. As predicted, adding the intra- 
cellular iron chelator 2,2’ dipyridyl (DIP) to grow- 
ing E. coli resulted in low activity levels for 
respiratory complexes I and II, inhibited Gm up- 
take, with consequent resistance to Gm killing 
(Fig. 4, A to C, and fig. S6, C and D). Adding back 
exogenous iron to DIP-treated cells suppressed 
the protection to Gm (Fig. 4D) and confirmed 
that the DIP effect was due to iron limitation. In- 
terestingly, DIP-treated cells were characterized 
by a decrease in respiratory complex I protein 
levels, in addition to the higher SUF—lower ISC 
protein levels (Fig. 4E), which may also have 
contributed to the low Gm uptake. This effect 
on protein level was also rapidly reversed after 
addition of exogenous iron to DIP-treated cells 
(Fig. 4E). Thus, iron limitation leads to both a 
switch from ISC to SUF and a reduction of res- 
piratory complex I levels, thereby making cells 
aminoglycoside resistant. 
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Iron bioavailability is sensed by Fur, a global 
repressor of >100 genes involved in iron ho- 
meostasis (20, 2/). Surprisingly, a fur-null mutant, 
which expresses the iron-limitation response con- 
stitutively and hence contains high intracellular 
iron levels, produced similar, albeit more modest, 
phenotypes as the DIP-treated cells in terms of 
respiratory complex I and II activities (Fig. 4A), 
complex I protein levels (fig. S10C), and Gm up- 
take (Fig. 4B) and sensitivity (Fig. 4C). Although 
loaded with intracellular iron, the fur mutant was 
still significantly more resistant to Gm than WT 
as a result of reduced Gm uptake, supporting the 
argument that it is not intracellular iron levels 
per se that control aminoglycoside resistance 
but rather the iron limitation response. We then 
wondered whether Fur was directly, or indirectly 
via one of its downstream targets, responsible for 
the aminoglycoside resistance. The small non- 
coding RNA (ncRNA), RyhB, seemed an ideal 
target, as it is Fur-dependent and itself inhibits the 
synthesis of nonessential Fe-utilization proteins 
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(22), including Isc, Nuo, and Sdh (23). Consistent 
with this scenario, the ryhB fur double mutant 
restored the activities of respiratory complexes 
I and Il (Fig. 4A), the complex I protein levels 
(fig. S11C), the uptake of Gm (Fig. 4B), and 
the Gm sensitivity to WT levels (Fig. 4C and fig. 
S6C). Thus, RyhB expression is the relevant iron- 
limitation feature that leads to aminoglycoside 
resistance. 

In summary, we have shown that the Fe-S 
cluster biogenesis machineries play a key role in 
aminoglycoside resistance by affecting their PMF- 
energized uptake. Switching from ISC to SUF 
allows E. coli to maintain enough Fe-S clusters to 
survive, albeit with low PMF levels. As a conse- 
quence, aminoglycosides, whose uptake is strong- 
ly PMF-dependent, cannot reach the ribosome, 
their cytoplasmic target. As uptake and target lie 
in a positive-feedback loop for aminoglycosides 
(fig. S13) (24), small changes in the otherwise 
basal uptake of aminoglycosides has a severe 
impact on their action. At least for E. coli, iron 
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Fig. 2. Mutations in the ISC, but not the SUF, Fe-S cluster biogenesis 
machinery makes E. coli resistant to bactericidal aminoglycosides. 
Survival of WT and mutants defective in Fe-S cluster biogenesis after (A) Gm 
(5 ug/ml) and (B) Amp (5 g/ml) treatment (black, no antibiotic; red or blue, 
with antibiotic). The AiscUA mutant was resistant to Gm, but the pleiotropic 
AiscS also showed some resistance to Amp. (C) The eSUF strain is resistant to 
Gm. The eSUF strain contains deletions of the endogenous iscUA genes and 
suf operon and expresses the suf operon from an ectopic chromosomal po- 
sition under the control of the pBAD promoter. The eSUF isc” strain is the parent 
of the eSUF strain before transduction of the AiscUA deletion. Cultures of 
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eSUF and eSUF isc* were grown in the presence of arabinose (0.2%). (D) CCCP, 
a PMF uncoupler, increased resistance to killing by Gm in a dosage-dependent 
manner. (E) Tritiated gentamicin ?H-Gm) uptake was compromised in cells that 
depend on the SUF rather than the ISC machinery. Uptake was measured by 
incubating early exponential-phase cultures (OD¢o9 ~ 0.3) with 5 pg/ml 7H-Gm at 
37°C. (F) Exogenous proteorhodopsin (pPR) restores the Gm susceptibility of 
cells depending on the SUF machinery for Fe-S cluster formation. For killing 
experiments, strains were grown, and logy, of % survival was measured as in 
Fig. 1. Values, error bars, and statistical significance were calculated and are 
indicated as in Fig. 1. 
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Fig. 3. The PMF-generating respiratory complexes | and 
Il function in strain using ISC, but not in strain using 
SUF, Fe-S cluster biogenesis machinery. (A) Survival of 
WT, complex | and/or II-deficient strains after 5 ug/ml Gm 
treatment. The Anuo and AsdhB mutants cannot synthesize 
respiratory complexes | and Il, respectively (black, no antibiotic; 
red, with antibiotic). (B) 7H-Gm uptake is defective in cells 
without respiratory complexes | and II (Anuo AsdhB) and 
restored when both SUF and respiratory complex | are over- 
expressed (eSUF/pNuo*), indicating that SUF can mature 
sufficient amounts of respiratory complex | to create the neces- 
sary PMF. The uptake experiment was performed as described in 
Fig. 2E. (C) Activities of respiratory complexes | and II are altered 
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deletion of the global repressor fur, complexes | and Il 
activity and 7H-Gm uptake were low, which caused Gm 
resistance. Knocking out one of the central players of the 
iron response, ncRNA RyhB, restored antibiotic sensitivity, 
indicating that protection against aminoglycosides is me- 
diated by RyhB. (D) Addition of exogenous iron restored 
sensitivity to Gm to iron-starved cells (250 uM DIP). FeSO, 
(100 11M) was added 1.5 hours after treatment with 5 ug/ml 
Gm. (E) Iron limitation induced SUF protein levels and 
reduced that of ISC and complex |. The response was rapidly 
reversed on addition of exogenous FeSO, (100 uM). Western 
blots were performed with antibodies against specific 
subunits of the respiratory complex | (NuoF), the SUF (SufC), 
and the ISC (IscS) machineries. Adding exogenously excess of 
iron to DiP-treated cells resulted in a 9-fold decrease in SufC 
protein levels and a 2-fold increase in IscS and NuoF levels 
after 90 min. Values, error bars, and statistical significance 
were calculated and are indicated as in Fig. 1. 
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limitation would be a physiological environ7- 
ment where the cell switches from ISC to SUF, 
becoming more resistant to aminoglycosides. 
Bacteria are iron-depleted in the host, but some 
pathogens induce local increases of iron con- 
centration by lysing host cells and erythrocytes 
(25), which suggests that aminoglycosides may 
be to some degree selective against enterobacte- 
rial pathogens. In addition, aminoglycosides may 
be very effective in treating recurrent enterobac- 
terial infections in patients with human genetic 
disorders associated with iron overload in the 
blood, such as thalassemia and hemochroma- 
tosis (26). 
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B Cells Use Mechanical Energy 
to Discriminate Antigen Affinities 


Elizabeth Natkanski,* Wing-Yiu Lee,* Bhakti Mistry,’ Antonio Casal,* 


Justin E. Molloy,” Pavel Tolar** 


The generation of high-affinity antibodies depends on the ability of B cells to extract antigens 
from the surfaces of antigen-presenting cells. B cells that express high-affinity B cell receptors 
(BCRs) acquire more antigen and obtain better T cell help. However, the mechanisms by which 

B cells extract antigen remain unclear. Using fluid and flexible membrane substrates to mimic 
antigen-presenting cells, we showed that B cells acquire antigen by dynamic myosin lla—mediated 
contractions that pull out and invaginate the presenting membranes. The forces generated by 
myosin Ila contractions ruptured most individual BCR-antigen bonds and promoted internalization 
of only high-affinity, multivalent BCR microclusters. Thus, B cell contractility contributes to 
affinity discrimination by mechanically testing the strength of antigen binding. 


expansion of B cell clones that recognize 

foreign antigens with high affinity. B cells 
are initially stimulated by the binding of their B 
cell receptors (BCRs) to antigens on the surfaces of 
antigen-presenting cells (APCs) (/—5). During 
these cellular contacts, termed immune synapses, 
B cells acquire the antigens from the APCs (/, 2, 6), 
which leads to B cell antigen processing and pre- 
sentation to helper T cells. The extent of T cell help, 
and resulting B cell activation, depends on the BCR 
affinity for antigen (7-9). Therefore, efficient affi- 
nity discrimination during antigen acquisition is 
essential for B cell clonal selection. 


Fe= antibody responses require selective 
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Although B cell synapse formation is sensi- 
tive to antigen affinity (/0, //), the mechanisms 
by which B cells extract antigens from APCs re- 
main poorly understood (/2, 13). To study this 
process, we developed an experimental model for 
studying immune synapses using immobilized 
plasma membrane sheets (PMSs). 

PMSs are made from plasma membranes of 
adherent cells (/4) and are suspended ~10 nm 
above the coverslip (fig. S1). Decoration of the 
exposed surfaces of PMSs with antigens, but not 
with control proteins, induced B cell spreading and 
antigen clustering that resembled B cell synapses 
with planar lipid bilayers (PLBs), an alternative 
model substrate (10, 15). However, unlike synapses 
with PLBs, B cells rapidly internalized the antigen 
from synapses made with PMSs (Fig. 1, A and B, 
and movie $1). The ability of B cells to inter- 
nalize antigen was not a result of the composi- 
tion of the PMSs, as PLBs prepared from plasma 


membranes (PM-PLBs) did not support antigen 
internalization (Fig. 1B). In addition, the inter- 
nalization did not correlate with lipid or antigen 
diffusion within these substrates (fig. S2). 

To investigate why B cells internalize antigens 
from PMSs, but not PLBs, we examined the flex- 
ibility of these substrates using atomic force micros- 
copy (AFM) and compared them to live APCs. In 
these experiments, the AFM tip binds to the sub- 
strate and then retracts to measure forces between 
the tip and the substrate until the rupture of the bond 
(/6, 17). On PLBs and PM-PLBs, forces during tip 
retraction increased rapidly to 30 to 40 pN and 
produced single-step ruptures of bonds a few nano- 
meters from the surface (Fig. 1, C and D), indicat- 
ing high membrane stiffness. By contrast, on both 
PMSs and dendritic cells (DCs), forces initially 
increased and then plateaued at ~20 pN, with 
bonds often rupturing hundreds of nanometers 
away from the surface (Fig. 1, C and D). Thus, in 
contrast to PLBs or PM-PLBs, PMSs were flexible 
and similar in their viscoelastic properties to plas- 
ma membranes of APCs loaded with physiolog- 
ical antigen complexes. 

Labeling PMSs with the hydrophobic dye 
1,1’-dioctadecyl-3,3,3’,3 ’-tetramethylindocarbo- 
cyanine perchlorate (Dil) showed that B cells in- 
ternalized antigen together with small pieces of the 
PMS membrane (Fig. 1, A and E). We observed 
similar colocalization of antigen and lipid in B cells 
that acquired cognate immune complexes from DCs 
(Fig. 1, E and F). By contrast, B cells that formed 
synapses with PLBs did not take up any Dil or 
antigen (Fig. 1, A and E). These results resemble the 
acquisition of APC membranes by B cells in vivo 
(/8) and, together with the force spectroscopy data, 
suggest that B cells require flexibility of the present- 
ing membranes to pinch off the antigen together 
with the phospholipid bilayer. 
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To visualize the initiation of antigen extrac- 
tion, we recorded total internal reflection fluores- 
6 407 pus cence (TIRF) time lapses of B cells interacting 
30 with the Dil-labeled PMSs. Within a few seconds 
after B cell spreading, numerous spots of in- 
creased Dil fluorescence appeared in the PMSs, 
and these spots continued to form and disappear 
dynamically (Fig. 2A and movie S2). By con- 

5 20 50 trast, Dil fluorescence remained diffuse in the 
Antigen (molecules/um?) absence of antigen (fig. S3A). High-resolution 
three-dimensional (3D) localization showed that 
the Dil spots were associated with upward move- 
ment of colocalized antigen particles (Fig. 2, B 
and C). Thus, the increase in Dil fluorescence 
reports local lipid enrichment caused by antigen- 
induced B cell pulling-out and invaginating the 
presenting membranes. 

Whereas antigen microclusters typically colo- 
calized with a subset of membrane invaginations 
just before internalization (Fig. 2D), the mem- 


Fig. 1. B cells acquire antigens from flexible membranes. (A) Side- GGG eleies a. ae pene x eee 
view reconstruction of B220-stained primary B cells forming synapses with QO namic than antigen microclusters (movie S3). Most 
Dil-stained and antibody against immunoglobulin « (anti-lgx) antigen— invaginations lasted less than 5 s (Fig. 2E) and 
loaded (Ag) PMSs or PLBs. Arrowheads indicate the position of the substrate. Scale bars, 2 um. (B) Image _*Minated abruptly (Fig. 2E, inset), suggesting 
quantification of primary B cell antigen internalization (means + SEM, n = 23 to 60 cells). (C) AFM force Physical rupture. Analysis of Dil and antigen flu- 
retraction curves of streptavidin-coated AFM tip and biotinylated antigens. Antigens were anti-Igx for PLBs, PM-  9rescence showed that the longer-lived invagina- 
PLBs, and PMSs, and immune complexes of NIP antigen for DCs. Speed of retraction was 0.1 jms. (D) Rupture __tions started at sites that contained higher amounts 
distances and forces (mean + SD, n = 31 to 109 retraction curves). (E) Colocalization of internalized of antigen compared to short-lived invaginations, 
antigen with Dil in primary B cells after internalization from the substrates (means + SEM, =12to and there was a significant drop in antigen fluo- 
21 cells). (F) B220-stained B1-8 primary B cell internalizing immune complexes of NIP antigen fromaDC rescence after their termination, indicating anti- 
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Fig. 2. Primary B cells extract antigens by invaginating and pinching off the presenting 
membranes. (A) Changes in Dil intensity on an antigen-loaded PMS after B cell spreading (white outline). 
(B) Three-dimensional localization of antigen. Top, A Dil-stained PMS loaded with unlabeled antigen and 
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antigen-Qdots before and after B cell spreading. Bottom, antigen-Qdots color-coded for their vertical position. Arrow- I 25 + + « «*  Invagination 
head shows a Qdot pulled up by the B cell. (C) Vertical position of antigen-Qdots versus colocalized Dil fluorescence(n= ae : lifetime (s) 
10 cells, P determined by Pearson correlation test). (D) Antigen and Dil fluorescence in a single antigen microcluster. < 20 * — 30 
Arrow indicates internalization. (E) Lifetimes of invaginations (mean + SEM, n = 7 cells). Inset, Dil fluorescence of a = 15 — 25 
short-lived invagination. (F) Antigen fluorescence in invaginations grouped by lifetime. Dotted lines show fluorescence .N = 56 
before and after invagination’s lifetime (mean + SEM, n = 10 cells). *P < 0.01 in paired t tests. (G) B cell expressing § 1° — 15 
clathrin light chain—green fluorescent protein (GFP) spreading on an antigen-loaded PMS. (H) Numbers and flu- 3 5 — 10 
orescence of synaptic CCSs (mean + SEM, n = 15 to 21 cells, *P < 0.05 in nonparametric tests for t> 1 min against © a 


fo) 


controls). (I) Percentage of invaginations colocalizing with CCSs (mean + SEM, n = 12 cells). Black lines, colocalization 
with randomly scrambled CCSs. *P < 0.01 in nonparametric tests against scrambled controls. Scale bars, 5 tum. 
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results show that B cells pulled out the present- 
ing membranes at sites that contained variable 
amounts of antigen, but the lifetime of the in- 
vaginations and the probability of their internal- 
ization depended on prior formation of antigen 
microclusters. 

To understand the mechanisms that regulate 
antigen internalization from the invaginations, we 
analyzed the dynamics of clathrin (/9, 20). After 
B cell spreading on PMSs, the numbers of clathrin- 
coated structures (CCSs), and their brightness, 
increased compared to PMSs without antigen 
(Fig. 2, G and H). CCSs formed throughout the 
synapse, and we observed simultaneous disap- 
pearance of long-lived invaginations, antigen 
microclusters, and CCSs (fig. S4). Short-lived 
invaginations rarely colocalized with CCSs, but 
20% of long-lived invaginations colocalized with 
CCSs, particularly at the end of their lifetime 
(Fig. 21). To assess the importance of CCSs in an- 
tigen acquisition, we knocked-down components of 
CCSs in Ramos B cells using short hairpin RNA 
(shRNA). Knockdown of AP2 and dynamin2 in- 
hibited antigen internalization from PMSs (Fig. 3A), 
although pulling of membrane invaginations was 
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not affected (Fig. 3B). These findings were con- 
firmed in primary B cells by means of a dynamin2 
inhibitor (Fig. 3, C and D). Thus, CCSs pinch off 
invaginated antigen microclusters, leading to in- 
ternalization of the antigen. However, clathrin- 
independent mechanisms are required to first pull 
out the presenting membrane. 

Using shRNA-mediated knockdown and phar- 
macological inhibition, we found that myosin Ila 
and its activator, Rockl, were required for both 
membrane invagination and antigen internaliza- 
tion from PMSs (Fig. 3, A to D). By contrast, 
inhibition of myosin Ila did not prevent internal- 
ization of soluble antigen (Fig. 3C) or B cell 
spreading on the PMSs (fig. S5), suggesting that 
myosin IIa is not required for all BCR signaling 
or endocytosis. TIRF microscopy showed that 
myosin IIa formed dynamic spots and short fibers 
throughout the synapse (Fig. 3E and movie S4) 
and specifically accumulated at the sites of mem- 
brane invaginations just before their onset (Fig. 
3F). Myosin Ila then rapidly cleared from the 
center of growing invaginations, but remained 
closely associated with their sides (Fig. 3, E and 
F). By contrast, F-actin accumulated at the onset 
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Fig. 3. B cell antigen extraction requires myosin Ila con- 
tractility and clathrin-mediated endocytosis. (A) Antigen 
internalization (anti-Igu) and (B) number of invaginations 
pulled from PMSs by Ramos B cells expressing shRNA against 
AP2, dynamin2, Rock1, or myosin IIA. (C) Antigen internal- 
ization (anti-lgx) from PMSs (left y axis) or solution (right y 


axis) by primary B cells treated with inhibitors against dynamin2 (dynasore), Rock1 (Y-23632), or myosin 
IIA (blebbistatin). (D) Number of invaginations pulled from PMSs by primary B cells treated with 
inhibitors. (A) to (D), means + SEM, n = 17 to 25 cells for internalization from PMSs, n = 7 to 15 cells for 
invagination numbers, n = 3 experiments for soluble antigen internalization. *P < 0.01, **P < 0.05 in 
nonparametric tests against controls. f.u., fluorescence units. (E) Top, TIRF image of a primary B cell 
expressing myosin Ila regulatory light chain (RLC)-GFP (Myo) spread on a DiD-labeled PMS loaded 
with antigen. Yellow squares show the region magnified below. Closed arrowheads show in- 
vagination, open arrowheads show myosin Ila structures. Scale bar, 1 um. (F) Quantification of 
myosin Ila RLC fluorescence in invaginations grouped by lifetime (mean + SEM, n = 15 cells, *P < 


0.01 in paired t tests). 


of membrane invaginations, persisted throughout 
their lifetime, and disappeared after their termi- 
nation (fig. S6, A to C, and movie S5). In longer- 
lived invaginations, a second wave of F-actin 
recruitment was detectable at the end of the in- 
vagination’s lifetime (fig. S6, B and C). Together, 
these results show that B cells use actomyosin 
contractility to pull out and invaginate the pre- 
senting membranes, which is required to internal- 
ize the antigen via a clathrin- and actin-dependent 
process (2/, 22). The observed short lifetime of 
most invaginations leads to a prediction that 
BCR-antigen bonds within small microclusters 
rupture under the pulling forces, aborting endo- 
cytosis. However, BCR-antigen interactions with- 
in larger microclusters resist the contractile forces 
for more than 20 to 30 s, allowing association or 
maturation of CCSs and internalization. This 
suggests that contractile forces mechanically test 
the strength of BCR binding immediately before 
internalization, providing a possible proofreading 
mechanism for affinity discrimination. 

To extract antigen, BCR-antigen bonds would 
have to resist forces of up to 20 pN (Fig. 1D). To 
directly characterize the mechanical strength 
of individual BCR-antigen bonds, we measured 
BCR-antigen rupture forces using AFM force 
spectroscopy (Fig. 4, A to C, fig. S7). In these 
experiments, we varied the speed of cantilever 
retraction to subject the bonds to various bond- 
loading rates. This can reveal dependence of bond 
dynamics on applied forces (23). We conjugated 
AFM tips to 4-hydroxy-3-nitrophenylacetyl (NP) 
or 4-hydroxy-3-iodo-5-nitrophenylacetyl (NIP) an- 
tigens, which differ by a factor of ~10 in their 3D 
affinity for the B1-8 F,, fragment (table S1). 
Measurements of forces between NIP antigens 
and the B1-8 F,;, attached to coverslips showed a 
sharp increase of force with cantilever retraction, 
resulting in single-step ruptures (Fig. 4A, top). 
The mean rupture forces between the F,,, and the 
NP or NIP antigens rose linearly with the loga- 
rithm of the loading rates as expected (24) (Fig. 4, 
B and C) and yielded extrapolated zero-force off- 
rates similar to those measured in solution (fig. 
S7B). Force spectroscopy with living B1-8 B 
cells showed that forces between the B1-8 BCR 
and antigens also rose steadily with cantilever 
retraction (Fig. 4A, bottom), consistent with the 
BCR being anchored to the submembrane cyto- 
skeleton (/6, 25). Consequently, loading rates 
on the BCR were only slightly lower than on the 
Fp. However, the rupture forces of the BCR- 
antigen bonds showed a nonlinear dependence 
on the logarithm of loading rates (Fig. 4, B and 
C). For slow loading rates, induced by pulling 
speeds similar to those generated by myosin Ia 
contractility, rupture forces for the BCR were 
lower and had shorter lifetimes than those with 
the F,,,, suggesting that single BCR-antigen bonds 
break quickly at forces required for antigen ex- 
traction (fig. S7D). Thus, the mechanical strength 
of single BCR-antigen bonds is not sufficient for 
antigen extraction, highlighting the importance of 
load-sharing in multivalent BCR microclusters. 
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By contrast, with faster loading rates, BCR-antigen 
rupture forces increased sharply and approached 
those measured with the F,,. These data suggest 
that at higher forces, the BCR improves its resist- 
ance to mechanical stress, providing an addition- 
al layer of regulation. 

What are the implications of these findings 
for antigen affinity discrimination? We found 
that B1-8 B cells internalized NP and NIP anti- 
gens to a similar extent from solution (Fig. 4D). 
However, when the antigens were presented 
on PMSs, B1-8 B cells internalized significantly 
more of the NIP antigen than the NP antigen 
(Fig. 4E). The NIP antigen also induced faster 
microcluster formation (fig. S8A), longer life- 
time of invaginations (Fig. 4F), and increased 
amounts of invagination-associated antigen (Fig. 
4G). In addition, we found that although in- 
hibition of myosin Ila by a high concentration 
of blebbistatin abolished internalization of both 
antigens, modulation of the strength of myosin 
Ila contraction by low concentrations of bleb- 
bistatin reduced internalization of the NIP anti- 
gen, whereas it promoted the internalization of 
the NP antigen (Fig. 4H). This suggests that re- 
duced myosin Ila activity improves low-affinity 
BCR binding by reducing the mechanical stress 
on the bonds. Thus, the ability of B cells to dis- 
criminate between these two antigens depends on 
the strength of actomyosin-mediated force, im- 
plicating contractile forces in the regulation of 
affinity discrimination. 

Owing to the bivalency of the BCR and the 
multivalency of most physiologically relevant anti- 
gens, the half-lives of BCR-antigen complexes 
can reach many hours. As a result, B cells typ- 
ically internalize soluble multivalent antigens in 
an affinity-independent manner (/2). However, 
in vivo, B cells acquire multivalent antigens in an 
affinity-dependent manner (7, 18). We suggest that 
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Fig. 4. Forces generated by myosin Ila contractility promote affinity-dependent 


antigen internalization. (A) Force spectroscopy retraction curves showing rupture of 
bonds between NIP antigen and B1-8 F.,, fragment (top) or B1-8 BCR on live primary B1-8 


B1-8 


myosin Ia—generated forces shorten the lifetime 
of synaptic BCR-antigen bonds, promoting affin- 
ity discrimination on a physiologically relevant 
time scale, i.e., seconds rather than hours. Be- 
cause the initial growth of BCR microclusters is 
dependent on affinity (//) (fig. S8A), higher- 
affinity antigens will form larger microclusters 
with higher number of bonds faster than lower- 
affinity antigens. When contractile forces engage, 
the higher number of bonds in larger microclus- 
ters, together with better resistance to force of the 
individual high-affinity bonds, will provide sta- 
bility to the microclusters, allowing association 
with CCSs and endocytosis of the antigen. As a 
result, the probability of antigen internalization 
will depend on BCR affinity. 

Spending mechanical energy to discrimi- 
nate between interactions that could not be dis- 
tinguished passively likely contributes to B 
cells’ ability to develop high-affinity antibodies. 
This strategy seems to rely on mechanisms link- 
ing receptor signaling to myosin Ila contractil- 
ity and endocytosis (26-28). Understanding of 
this process may inspire new ideas to improve 
antibody affinity beyond the nanomolar range, 
both in in vivo and in vitro affinity maturation 
systems. 
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Deep Cortical Layers Are Activated 
Directly by Thalamus 


Christine M. Constantinople and Randy M. Bruno* 


The thalamocortical (TC) projection to layer 4 (L4) is thought to be the main route by which sensory 
organs communicate with cortex. Sensory information is believed to then propagate through 

the cortical column along the L4—L2/3-+L5/6 pathway. Here, we show that sensory-evoked responses 
of L5/6 neurons in rats derive instead from direct TC synapses. Many L5/6 neurons exhibited 
sensory-evoked postsynaptic potentials with the same latencies as L4. Paired in vivo recordings 
from L5/6 neurons and thalamic neurons revealed substantial convergence of direct TC synapses 
onto diverse types of infragranular neurons, particularly in L5B. Pharmacological inactivation of L4 
had no effect on sensory-evoked synaptic input to L5/6 neurons. L4 is thus not an obligatory 
distribution hub for cortical activity, and thalamus activates two separate, independent “strata” 


of cortex in parallel. 


he conventional model of neocortex is 
| that sensory processing begins in L4, 
which has been known for a century to 
be the principal target of thalamic afferents. 
Cortical layers are believed to transform sen- 
sory information as excitation spreads serially 
along the L4—+L2/3—+L5/6 pathway (/—4). This 
hierarchical serial model is consistent with ana- 
tomical observations that axons of excitatory 
L4 neurons primarily innervate L2/3 and that 
axons of L2/3 pyramidal neurons arborize ex- 
tensively in LS/6 (/, 4). L5 neurons make up 
a major output of the cortex, as they have the 
most substantial axonal innervation of subcor- 
tical and cortical structures, whereas L6 neu- 
rons transmit feedback to thalamus and cortex 
(4-6). 

The same thalamocortical (TC) axons that 
arborize so extensively in L4 also have sparser 
branches in the infragranular layers at the L5-L6 
border (7—//), which have been assumed to be 
modulatory (3, //, 12). Recent quantitative mea- 
surements of reconstructed TC axons suggest, 
however, that innervation of L5/6 may be exten- 
sive, albeit less than that of L4 (8). Therefore, L5/6 
neurons might integrate sensory information from 
at least two classes of inputs: the direct TC path- 
way and the indirect L4->L2/3—+L5/6 pathway. We 
investigated this in adult rats administered local an- 
esthetics and a sedative, which better approximate 
wakefulness than does general anesthesia (/3, /4). 
We made in vivo whole-cell recordings from 176 
neurons in barrel cortex and juxtasomal record- 
ings from 76 neurons in ventral posterior medial 
(VPM) nucleus of thalamus, areas processing tac- 
tile input from the facial whiskers during environ- 
ment exploration. 

The conventional model predicts that the re- 
sponses of neurons in L5/6 should lag behind 
those in other layers. We compared the latencies 
of sensory-evoked sub- and suprathreshold re- 
sponses of morphologically identified neurons in 
every layer of barrel cortex. Strong high-velocity 
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whisker deflection evoked robust postsynaptic 
potentials (PSPs) in neurons in all cortical layers 
(Fig. 1A). L4 onset latencies preceded those in 
L2/3 (L4: 7.76 + 0.16 ms, n = 24; L2/3: 11.04 + 
0.26 ms, n = 18; P < 10 '%) (Fig. 1, B and C). 
While the average LS (9.44 + 0.3, 2 = 53) and 
L6 latencies (10.68 + 0.67 ms, n = 13) were 
longer than that of L4, many LS cells rivaled 
L4 in latency. Moreover, the longer-latency PSPs 
among L5 cells occur simultaneously with, not 
after, the onsets of L2/3 cells (Fig. 1, B and C). 
Many LS cells exhibited spike latencies as short 
as cells in L4 (Fig. 1, D to F). 

Short L5/6 latencies could result from sub- 
stantial TC convergence, which can be estimated 


Fig. 1. Many L5/6 cells 
have response laten- 
cies as short as L4's, (A) 
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from the probability of finding TC-L5/6 connec- 
tions. Ideally, synaptic measurements are made 
in vivo rather than in vitro to avoid issues re- 
lated to lack of background synaptic input, the 
concentrations of extracellular ions and neuromod- 
ulators, and severing of axons during slice prepa- 
ration. We used a previously developed technique 
to identify and quantify individual synaptic con- 
nections in living animals (/4). Whole-cell record- 
ings were made from neurons in L5/6 during 
simultaneous juxtasomal recording of action po- 
tentials from somatotopically aligned VPM neu- 
rons (Fig. 2, A and B). The average PSP (aPSP) 
that a single thalamic cell produces in a cortical 
neuron (Fig. 2, C and D) was estimated by spike- 
triggered averaging and corrected for the con- 
tribution of unrecorded inputs [see supplemen- 
tary materials (SM)]. 

Monosynaptic connections were observed 
onto L5/6 neurons (10 of 55 topographically 
aligned pairs tested, including morphologically 
identified and unidentified cells). Of the mor- 
phologically identified subset (Fig. 2E), connec- 
tions were observed more frequently onto LS 
pyramidal neurons (26%, 7 connected of 27 
pairs tested) than onto L6 cells (9%, 1 of 11). 
Connections were not observed onto topograph- 
ically unaligned cells or pyramidal neurons with 
apical trunks extending through the septal re- 
gion between L4 barrels (Fig. 2E). 

Individual TC connections onto infragranu- 
lar neurons produced relatively small depolariza- 
tions (mean + SD 571 + 46.5 pV, median 463 pV, 
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range 137 uV to 1.18 mV) (Fig. 2F), similar to 
TC-L4 synapses [~500 nV (/4)]. Mean onset 
latencies and 20 to 80% rise times were 2.40 + 
0.31 and 6.17 + 4.55 ms, respectively. Neurons 
in each layer responded to conventional high- 
velocity stimuli with PSPs proportional to the 
probability of finding TC connections in that 
layer (Fig. 2G), consistent with direct TC con- 
nections producing sensory-evoked responses. 
L5/6 neuronal subclasses having distinct mor- 
phology, physiology, and projection targets are 
spatially intermingled (/5, /6) but may be pre- 
ferentially thalamorecipient (9). Monosynaptic TC 
connections were observed most frequently on 
L5 thick-tufted neurons (44%, 4 connected of 
9 pairs tested) but were also observed on LS thin- 
tufted (17%, 3 of 18) and L6 (9%, 1 of 11) py- 
ramidal neurons (Fig. 2, H and I, and fig. S1A) 
and smooth interneurons (1 of 3). In vitro L5 
thick-tufted neurons are typically “intrinsically 
bursting” (IB), whereas adapting trains of single 
spikes are more typical of the “regular-spiking” 
(RS) L5 thin-tufted neurons (9, 16). The pre- 
dominant firing type of both morphological classes 
in vivo, however, was IB (fig. S1, B and C), pos- 
sibly because of our awakelike conditions, and 
monosynaptic connections were observed onto 


A whole-cell 


both physiological cell types (fig. S1, D and E). 
By contrast, most connected cells had somata 
at depths of 1400 to 1600 um, where thalamic 
axons arborize in L5B/6A (7, 8), even though 
we sampled substantially from depths shallower 
than 1400 um (Fig. 2J, left). Neurons in the TC 
arborization zone near LSB had the largest 
sensory-evoked PSPs (Fig. 2J, right). 

Given that a whisker’s representation in VPM 
contains ~200 neurons (/4), 9 to 44% conver- 
gence is substantial, translating into ~20 to 90 
thalamic connections per L5/6 cell, depending 
on its type. Although individual TC synapses 
are weak, this number of synchronous con- 
vergent inputs may provide a second powerful 
pathway into the cortex, capable of directly 
driving the activity of LS and responsive L6 cells. 
We therefore sought to dissect the contribu- 
tions of the direct TC pathway and the indirect 
L4—L2/3—+L5/6 pathway to the sensory re- 
sponses of infragranular neurons, by inactivat- 
ing L4 during sensory stimulation. Silencing of 
L4 was achieved by pressure ejection of lidocaine 
and confirmed by monitoring the local field po- 
tential (LFP) through the drug pipette. Beyond 
blocking action potentials in L4 cells, lidocaine 
suppresses axonal conduction within L4, along 


TC axonal branches that extend directly into L3, 
and along the radial trunks of axons from L2/3 
cells that traverse L4 to synapse in L5/6. This 
manipulation thus disconnects the upper and 
lower cortical layers, leaving intact the TC-L5/6 
pathway. 

To validate our manipulation, we performed 
whole-cell recordings of L4 neurons located 
150 um from the LFP and drug pipette (Fig. 3A). 
Lidocaine injection not only prevented these 
L4 cells on the other side of the barrel from dis- 
charging any action potentials but also robustly 
and reliably eliminated virtually all spontaneous 
and sensory-evoked synaptic input (7 = 6, from 
10.71 + 1.21 to 0.27 + 0.08 mV, P = 0.0004) 
(Fig. 3, B to D). Given the high connectivity 
among L4 barrel neurons [P(connection) ~ 0.3 
(4)], this dramatic reduction in synaptic input 
confirms that our manipulation silenced virtu- 
ally all neurons in a barrel. Replacing the whole- 
cell pipette with an LFP pipette yielded similar 
results (fig. S2, A to C), which further demon- 
strated that lidocaine inactivated a diameter ex- 
ceeding 300 um, more than the size of a barrel 
(~200 to 300 um wide). In addition, L4 inactiva- 
tion reduced L2/3 synaptic inputs and prevented 
L2/3 spiking (fig. S2, D to F). 
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Fig. 2. TC connections onto infragranular neurons are weak but con- 
vergent. (A) Schematic of simultaneous in vivo whole-cell recording of a 
cortical L5 pyramidal neuron and juxtasomal recording of a somatotopically 
aligned thalamic neuron. (B) Example whole-cell trace from an L5 thick-tufted 
cell (top), action potentials from a thalamic neuron (middle), and sinusoidal 
whisker stimulus (bottom). (C) The aPSP measured from the above pair (n = 
1076 thalamic action potentials). Dashed lines, 95% confidence intervals. (D) 
Example aPSPs onto L5 thin-tufted, L6, and L5 thick-tufted pyramidal neurons 
and example unconnected pair (from top to bottom). (E) Percentage of 
connected pairs by cortical cell location. Error bars, 95% confidence intervals 


for a binomial distribution. (F) Distribution of aPSP amplitudes. Black, smooth 
interneuron. (G) Amplitude of mean sensory-evoked PSPs (10 to 20 deflections 
in the preferred direction) for L4, L5, and L6 cells (n = 40, 35, and 11, 
respectively) versus probability of finding connected pairs in each layer. 
Dashed line, least-squares fit. L4 data are from (14). (H) Example reconstruc- 
tions. (I) Connection probability by morphological subtype. (J) (Left) Densities 
of the depths of all sampled cells (dashed line) and cells onto which TC con- 
nections were observed (solid line). (Right) Mean sensory-evoked PSP amplitude 
by depth (means + SEM; 100-um bins). White bars, preferred direction. Shaded 
bars, average over eight directions. 
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We then recorded synaptic inputs from mor- 
phologically identified neurons in L5/6 while 
inactivating the overlying L4 barrel (Fig. 3E). 
L5/6 pyramidal neurons deeper than 1350 um 
from the pia were targeted to avoid direct drug 
effects on recorded cells and to sample the re- 
gion of highest TC connectivity (Fig. 2J). Despite 
reducing the amplitude of the sensory-evoked 
LFP in L4 (n = 12; from 0.69 + 0.09 to 0.21 + 
0.03 mV, P = 0.0001), lidocaine had virtually 
no effect on the sensory-evoked synaptic inputs 
of L5/6 neurons (Fig. 3, F and G), in terms of 
amplitude (from 7.53 + 0.98 to 7.58 + 0.75 mV, 
P= 0.93) (Fig. 3H) or onset latency (fig. S3, A 
and B). Mean and variance of spontaneous mem- 
brane potential fluctuations were similarly unaf- 
fected (fig. S3B). 

Even after L4 inactivation, sensory stimuli 
continued to evoke L5/6 action potentials (0.16 + 
0.07 versus 0.12 + 0.04 spikes per stimulus, P = 
0.64) (Fig. 3, I and J). Although L5/6 spiking 
was unaffected on average, some individual neu- 
rons appeared to increase or decrease their firing 
rates (Fig. 3J). To test whether this was simply 
because of spiking variability, L5/6 spiking re- 


A drug/LFP whole-cell B 


-60. 


1 ACSF 


sponses during “test” and subsequent “retest” 
periods were compared. Individual L5/6 cells 
exhibited a range of firing rate differences be- 
tween the test and retest periods similar to the 
pre- and postlidocaine periods (fig. S3C). 

How can thalamus effectively elicit LS spikes 
given that L5 receives less TC convergence and 
exhibits smaller PSPs than L4? The mean spon- 
taneous membrane potential of each LS neuron 
was significantly closer to its spike threshold, 
compared with neurons in L4 and L6 (Fig. 3K), 
and the distance to threshold correlated with re- 
sponsiveness (fig. S3E). Therefore, the relative 
depolarization of LS cells observed here under 
sedation, as under anesthesia (/7), enables less 
synaptic input than available to L4 to become 
suprathreshold in 53% of cells (fig. $3, F and 
G). In contrast, the smaller sensory-evoked PSPs 
and relative hyperpolarization of L6 (Figs. 2G 
and 3K) render 81% of its cells silent (fig. S3, 
F and G), consistent with L6 corticothalamic 
cells being unresponsive to sensory stimulation 
[see (6)]. 

Muscimol injection to inactivate VPM neu- 
rons but spare fibers of passage substantially re- 
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duced PSPs of aligned L5/6 neurons (fig. S4, 
A and B). Residual PSP did not derive from 
neighboring cortical columns (fig. $4, C and D). 
A likely source is the secondary thalamic area, 
the posterior medial (POm) nucleus, which ar- 
borizes in L1 and LSA, consistent with some 
LS cells receiving mixed VPM and POm in- 
put (/8). We tested whether long-range inputs— 
including axons from POm, secondary somato- 
sensory cortex, primary motor cortex, and the 
callosum—contribute to L5 sensory responses 
via synapses onto apical tufts in L1. Pial appli- 
cation of lidocaine blocks L1 synapses, as indi- 
cated by its ability to silence L2 (fig. S5, A to C). 
LS PSPs were unaffected by combined L1/L4 
inactivation (fig. S5, D and E). If ascending 
pathways such as those from POm contribute 
to deep-layer sensory responses, it is likely that 
they do so via axon collaterals in L5/6 rather 
than in L1. 

Our study demonstrates that primary thalam- 
ic nuclei, like VPM, can simultaneously copy 
the same signals to L4 and LSB, where they are 
processed in parallel (Fig. 4B) instead of serially 
through L4 (Fig. 4A). The TC—-L4—L2/3 
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Fig. 3. L5/6 sensory responses do not require L4. (A) Whole-cell record- 
ings were made from L4 cells during inactivation of the barrel by lidocaine 
injection. Blue lines schematically depict single TC axons, among hundreds per 
column. (B) Simultaneous whole-cell and LFP recordings during injection of 
artificial cerebrospinal fluid (ACSF) vehicle and lidocaine. Dashed line, onset 
of whisker deflection in preferred direction. (C) Population averages of L4 
PSPs (top) and LFPs (bottom). Dotted lines, SEM. (D) Summary of responses 
(in mV). Gray, individual cells; black, means. (E) L5/6 recordings were 
made while L4 was silenced. (F) Example L5 whole-cell and L4 LFP traces 


per stimulus. 


during injection of ACSF and lidocaine. (G) Population averages of L5/6 PSPs 
(top) and L4 LFPs (bottom). (H) Summary plots. (I) Rasters of a subset of 
trials for three example neurons during injection of ACSF (top) and lidocaine 
(bottom). (J) Plots of the baseline-subtracted evoked spikes per stimulus 
before and after lidocaine injection. (K) The relation between neurons’ mean 
spontaneous membrane potential and spike threshold (L4: n = 21; L5:n = 
46; L6: n = 9). Circles, individual cells; lines, medians; P values, compari- 
son with L5 (Wilcoxon rank-sum test). (L) Baseline-subtracted evoked spikes 
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Fig. 4. Schematics of the conventional and 
proposed models of cortical processing. (A) In 
the conventional serial model, sensory information 
is transformed as excitation spreads from thalamus 
to L4 to L2/3 to L5/6 along the densest axonal 
pathways (green). (B) In the bistratified model, thal- 
amus copies sensory information to both an upper 
stratum (L4 and L2/3) and a lower stratum (L5/6), 
which differ in coding properties and downstream 
targets. 


pathway and the TC->L5/6 pathway appear in- 
dependent with regard to ascending sensory 
signals. TC axons innervate both middle and 
deep layers in multiple species (human, monkey, 
rat, and cat) and neocortical systems (motor, 
visual, auditory, and somatosensory) (19-23). 
Tuning of extracellular units in infragranular 
layers of cat visual and rodent somatosensory 
cortex often persists following lesion of L2/3 
(24, 25), and some such units respond as early 
as middle layers (26, 27). Direct TC engage- 
ment of infragranular neurons may therefore 
be a general feature of neocortex. 
Neocortical columns may contain two sep- 
arate processing systems or “strata”: an upper 
stratum (L4 and L2/3) and a lower stratum 
(L5/6) possibly subserving different functions. 
This architecture may elaborate receptive fields 
via intralaminar cross-columnar rather than in- 


terlaminar connections. Moreover, L2/3 targets 
other neocortical regions, whereas L5/6 targets 
both cortical and subcortical structures. Although 
some subcortical projections provide feedback 
(.e., to brainstem and primary thalamic nuclei), 
many of the subcortical targets, especially those 
of L5, are action-related (striatum and spinal 
cord) or high-order (secondary thalamic nuclei, 
which innervate high-order cortical regions). 
Both strata therefore have direct access to the 
same sensory information and can alter behavior 
via different anatomical pathways. Consistent 
with the idea of two distinct systems, cell fate 
mapping studies recently demonstrated that the 
upper and lower strata develop from two dis- 
tinct populations of radial glial cells (28). 

Our results further demonstrate that propa- 
gation of excitation cannot be inferred solely from 
synaptic strength or relative axonal densities. 
L2/3's extremely low firing rates (13, 29-31) 
may explain its minimal contribution to sensory 
signals in deep layers, which, by contrast, are 
highly active. The activity and interactions of 
the layers may be behaviorally gated by com- 
parisons of motor, state, and sensory signals 
(6, 32, 33) or by induction of learning. 
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single-stranded RNAs, such as sponge decoys and locked nucleic acids, TuD 
RNAs are double-stranded. This, along with a stem-loop stabilized second- 
ary structure, resists cellular nuclease degradation and facilitates sustained 
miRNA inhibition for longer than one month. In addition, both strands of 
aTuD RNA contain on miRNA binding site for more efficient sequestra- 
tion of target miRNAs at lower, nanomolar concentrations. The TaD RNAs 
are available in both synthetic and lentiviral formats to support transient 
miRNA knockdown as well as long-term miRNA suppression without re- 
peated transfections. 

Sigma-Aldrich 

For info: 800-325-3010 | www.sigma.com/ inhibitors 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are 
featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or 
materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 


www.sciencemag.org/products 


SCIENCE VOL340 28 JUNE 2013 


1595 


Downloaded from www.sciencemag.org on June 27, 2013 


0 
sk 


Discovery 


Fast Track 


Competition 


a 


sy gx, -* ye pa 
m2 = : Se an 


Put your novel concept on the fast track toward new medicines. 


If you're a U.S. or Canadian academic researcher 


with a novel drug discovery concept, then the Applications accepted until 
Discovery Fast Track competition is for you. July 19. Enter today at 


Up to ten winners will have the opportunity to openinnovation.gsk.com 
collaborate with the drug discovery experts of GSK, 

discovering active compounds by taking advantage 

of our expertise, screening platforms and expansive 

compound library. 


Key results will be shared, providing you with the 
best possible chemical probes to interrogate your 
translational biological assays. 


Your idea. Our resources. 
It’s a winning combination. 


Advances in International Journal of Journal of Rie ncaa Journal of 


High Energy Physics Genomics Obesity “ een les Oncology 


} 


ZL? 


The Scientific 
World Journal 


Hindawi 


Submit your manuscripts at 
http://www. hindawi.com 


dnomaterials _ 


: Clinical & 
IN 
eer 


Developmental § — Be é 


Immanology we 2. 


, ai , q \ Journal of 9 
° ° . goanaty Analytical Methods 
Sci entifi Ca Condensed Marter Physics iN Chemistry 


Neural 
“ae — —. MEDIATORS 
Plasticity F i” INFLAMMATION 


/ 


 — 


Evidence-Based 


Molecular Biology Complementary and Sale h 
INTERNATIONAL Alternative Medicine i: 4 Are ACA 


From high-content assays with extensive data analysis, to high- and super-resolution cellular imaging, 
our cutting-edge technologies give you amazing depth and breadth of investigation, allowing you to 
analyze interactions as they happen and gain deeper insights into complex cellular mechanisms. 


See more. Understand more. Discover more. 


\e 


GE, imagination at work, and GE monogram are trademarks of General Electric Company. 

DeltaVision and DeltaVision OMX are trademarks of the GE Healthcare Companies. 

© 2013 General Electric Company—Aall rights reserved 

GE Healthcare UK Limited, Amersham Place, Little Chalfont, Buckinghamshire, HP7 9NA, UK 05/2013 


Introducing the new BD FACSAria™ Fusion 


Integrated cell sorting and biosafety. 


| | / 
\ 
1 
( 
i 
- ~~ 


% 


* 
. ” 
* 


, . sp, 
The fusion of safety, tev Heenan 
performance, and sorting. 


The BD FACSAria™ Fusion cell sorter is built on The BD FACSAria Fusion has been verified 
the solid foundation of patented technologies, to meet personnel and product protection 
exceptional multicolor performance and ease- standards for a Class II Type A2 biosafety 
of-use that was first brought to the world of cabinet, the National Sanitation Foundation 
sorting by the launch of the BD FACSAria™ International Standard 49, the European 

cell sorter in 2003. Standard 12469, and the Australian Standard 


Now this sorting know-how is combined with Be. 1D) 


best-in-class biosafety expertise to create the Choose up to six laser wavelengths and 20 
BD FACSAria Fusion, a fully integrated advanced detector positions to measure up to 18 colors 
cell sorter and biosafety solution for research simultaneously. 

laboratories. 


Learn more at bdbiosciences.com/go/fusion. 


Class 1 Laser Product. BD Biosciences 
For Research Use Only. Not for use in diagnostic or therapeutic procedures. 2350 Qume Drive 
BD, BD Logo and all other trademarks are the property of Becton, Dickinson and Company. © 2013 BD San Jose, CA 95131 


23-15046-01 bdbiosciences.com 


Focus your efforts on discovery. Efficiently transfect difficult cells, including more than 
100 cancer cell lines using X-tremeGENE DNA Transfection Reagents. 


1 Free sample and protocols at 


Roche Diagnostics GmbH 
For life science research only. Sandhofer StraBe 116 


; . ; 68305 Mannheim, Germany 
Not for use in diagnostic procedures. 
© 2013 Roche Diagnostics. 
X-TREMEGENE is a trademark of Roche. All rights reserved. 


by RNAscope’s 
breakthrough multiplexing 


technology = 
Powder Handling Glove Box used for small-scale 
Take your research to the next level with : h Ali . . - ; he 2 ie ] 
RNAscope. Using this breakthrough technology, andling / weighing of active pharmaceutica 
now you can target low expressing genes and even ingredients (“A ee) in powder form. 
non-coding RNA, opening y rch to a new 
world of possibilities. Don't lim f. Discover : 
what's so amazing about RNAscope today. & al ——_- 
ite 
iy ans} wi | te 
1) Se 
{trim pw 
rire 
ey 3 Au 
= 4 
Controlled Atmosphere PCR (UV) Chambers Compact — 
Chambers Analytical Balance Chamber 
Hypoxia Chambers PCR (UV) Chambers Compact Glove Box 
Anaerobic Chambers HEPA Filtered PCR Chamber HEPA Filtration 
Temperature & Humidity Four (4) Standard Sizes 
Nitrogen Dry Box Custom Sizes Available 


PLAS @ LABS, INC. 
www.PLAS-LABS.com 
800-866-7527 


i 


~« Science } + « Science ]+ « Science J« : ~* Science } + « Science ]«+ . . ~« Science 1. 
Signaling Signaling Signaling Sig tial! ng Signaling Signaling Signaling 


Science 


Signaling 


. science |, 


| Signaling 


Peer-reviewed Research Articles and Resources 
Perspectives, Reviews, Protocols, and an interactive Database of Cell Signaling 


Recommend Science Signaling to your institution’s library 
ScienceSignaling.org/recommend 


ScienceSignaling.org 


VS UAZ A oOo 


Call for Entries 


SCIENCE & ENGINEERING’S 
MOST POWERFUL 
STATEMENTS ARE NOT 
MADE FROM WORDS ALONE 


You are invited to submit an entry to this year’s International Science 
& Engineering Visualization Challenge, cosponsored by the National - Photography 


Science Foundation and AAA‘s journal Science. - Illustration 
- Posters & Graphics 


- Video 


Entry categories include: Photography, Illustration, _ Games & Spe 


Posters and Graphics, Games & Apps, and Video. 


Winning entries will be published in a special 
section of a February 2014 print issue of Science 


and ScienceMag.org, and NSF's web site. 


For entry forms, rules, and more information, go to: 
www.nsf.gov/news/scivis 
E 5 a 
Science 


MVAAAS 


Spplied 


dxbO 
XOxX+ | 


ion torrent 


*AOXO4™ 
ty Rife tectestegies’ 


By your side since 1962 


One company, one family of trusted brands. Here to support your research. 


As your research needs evolve, we evolve to meet them. We continuously innovate high-quality 
solutions for every lab and every application, building from technology chosen by scientists for up to 
50 years. And we're staffed to support your success, with 3,000 technical sales, service, and support 


professionals ready to assist you. 


Invitrogen™ Applied Biosystems® Gibco® Molecular Probes® Novex® Ambion® lon Torrent™ 


Find the most cited life science brands at 
lifetechnologies.com/trustedbrands technologies” 


©2013 Life Technologies Corporation. All rights reserved. The trademarks mentioned herein are the property of 
Life Technologies Corporation and/or its affiliate(s) or their respective owners. CO05619 0613 


Elevate your 
PCR research 


Applied Biosystems® 


30 YEARS 


PCR DISCOVERY 


Invitrogen™ 


PCR essentials: 
extraordinarily convenient, high-performing, 
and innovative end-to-end workflow solutions 


Shop PCR essentials at lifetechnologies.com/elevatepcr technologies” 


For research use only. Not for use in diagnostic procedures. ©2013 Life Technologies Corporation. All rights reserved. The trademarks mentioned 
herein are the property of Life Technologies Corporation and/or its affiliate(s) or their respective owners. COO5023 0613 


Eppendorf Consumables— 
it’s Your sample 


oe 
7 


Eppendorf consumables are the result 
of 50 years constant improvement and 
development. With the new Eppendorf 
Tubes® 5.0 mL a new tube format in the 
medium volume range will complete the 
legendary Eppendorf Tubes family. 

Laboratory processes will become 
easier and more convenient. 


www.eppendorf.com/consumables 


eppendorf 


Purest assay results are no coincidence: 

> Unique features to make every day 
routines faster and easier 

> Minimized risk of chemical leaching 
from consumables 

> Purity grades tailored to even the 
highest requirements 


Eppendorf®, the Eppendorf logo and Eppendorf Tubes® are registered Trademarks of Eppendorf AG, Germany. 
All rights reserved, including graphics and images. Copyright © 2013 by Eppendorf AG. 


PolyScience 
For info: 800-229-7569 | www.polyscience.com 


ELECTROCHEMICAL DETECTOR 

The Dionex UltiMate 3000 offers sensitivity and selectivity needed for 
neurotransmitters, pharmaceuticals, and complex biological samples to 
UHPLC. The Dionex UltiMate 3000 Electrochemical Detector makes the 
speed and resolution of ultrahigh performance liquid chromatography (UH- 
PLC) separation available with electrochemical detection. Electrochemical 
detection offers: the high sensitivity needed to measure neurotransmitters, 
the robustness to analyze pharmaceutical compounds, and the selectivity to 
characterize complex samples such as supplements, beverages, and biologi- 
cal samples. Compatible with the current family of Dionex Ultimate 3000 
EC-optimized HPLC and UHPLC systems, this detector features coulo- 
metric and amperometric sensors that are designed for simple, flexible, 
and low-maintenance operation. Coulometric sensors are known for their 
stability and low maintenance. Amperometric sensors are chosen for their 
very high sensitivity, even with precious, volume-limited samples. Plug- 
and-play electrochemical sensors with SmartChip intelligence are designed 
to configure the instrument automatically, optimize parameters, and mini- 
mize noise by eliminating cable connections. 

Thermo Scientific 
For info: 800-532-4752 | www.thermoscientific.com/ECdetection 
UNTREATED MICROPLATES 

A new range of 12-, 24-, 48-, and 96-well format untreated polystyrene 
culture microplates are now available for growing cells in stationary sus- 
pension or other applications where reduced cell attachment is desired. 
Untreated polystyrene plates are the lab tool of choice for growing em- 
bryoid bodies and other cells where cell attachment needs to be reduced 
or avoided. Natural, unmodified polystyrene surfaces are hydrophobic 
and only bind cells and biomolecules through passive hydrophobic in- 
teractions. Molded from ultrapure polystyrene in a class 100,000 clean- 
room production environment, the untreated culture plates are sup- 
plied with lids in individual sterile packs. The plates include raised well 
rims to reduce evaporation, a single position lid to avoid cross contami- 
nation, and alphanumeric code marking to enable easy identification of 
individual wells. 

Porvair Sciences 

For info: +44-(0)-1372-824290 | www.porvair-sciences.com 


Available in 23 different models, a new line of heated circulating water baths can achieve temperatures 
as high as 200°C with temperature stabilities as exacting as +0.005°C. These elegantly designed circu- 
lators come in reservoir sizes ranging from 7 L to 28 L and are available with six different temperature 
controllers, including two programmable models. The heated circulators incorporate many ergonomic 
features that make life in the lab more productive and efficient. Among the many design innovations fea- 
tured on these baths are a swiveling control head that permits viewing of the temperature display any- 
where within a 180° viewing radius, an integral lid docking system for no-mess reservoir cover storage, 
and a corrosion- and chemical-resistant top plate that dampens noise and remains cooler at high tem- 
peratures. Among the temperature controllers available are PolyScience’s Performance Programmable, 
Performance Digital, Advanced Programmable, Advanced Digital, Standard Digital, and MX models. 


MICROPLATE READER 

The SpectraMax i3 Multi-Mode Detection Platform is available as a stand- 
alone reader with the option for users to upgrade to additional applications 
and detection modes such as cellular imaging with the SpectraMax Mini- 
Max Imaging Cytometer and cartridges for Time-Resolved Fluorescence, 
Fluorescence Polarization, and AlphaScreen assays. The highly sensitive in- 
strument accommodates the budget and throughput needs of both small 
and large laboratories alike. The SpectraMax i3 Platform’s base system 
features an integrated optical system enabling top and bottom reads for 
6- to 384-well microplates and launches with three broad detection modes: 
luminescence, absorbance, and fluorescence. Patented user-exchangeable 
cartridge design expands the system’s detection capability making it highly 
versatile, and able to offer application options far exceeding those of stan- 
dard readers. The MiniMax Imaging Cytometer module adds first of its 
kind cellular imaging to a multimode detection platform, enabling fluores- 
cence and brightfield cellular imaging. 

Molecular Devices 

For info: 800-635-5577 | www.moleculardevices.com/spectramax 


MicroRNA INHIBITORS 

Mission Synthetic and Lentiviral microRNA (miRNA) Inhibitors are based 
upon the Tough Decoy (TuD) design for the long-term suppression of any 
miRNA endogenous to humans or mice. Each miRNA inhibitor is designed 
using a proprietary algorithm that evaluates all possible sequences for the 
design predicted to best maintain the TuD structure, providing maximal 
miRNA recognition and binding. In contrast to current approaches that use 
single-stranded RNAs, such as sponge decoys and locked nucleic acids, TaD 
RNAs are double-stranded. This, along with a stem-loop stabilized second- 
ary structure, resists cellular nuclease degradation and facilitates sustained 
miRNA inhibition for longer than one month. In addition, both strands of 
aTuD RNA contain on miRNA binding site for more efficient sequestra- 
tion of target miRNAs at lower, nanomolar concentrations. The TaD RNAs 
are available in both synthetic and lentiviral formats to support transient 
miRNA knockdown as well as long-term miRNA suppression without re- 
peated transfections. 

Sigma-Aldrich 

For info: 800-325-3010 | www.sigma.com/inhibitors 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are 
featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or 
materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 


www.sciencemag.org/products 


SCIENCE VOL340 28 JUNE 2013 


1595 


_—$—————<$<—_—<$<_<—— 
Harnessing Stem Cells for oS 
Predictive Toxicology ~~. 


ae 
aeccting the Challenges of Drug Discovery Today . my . 
, *. 
* - 
Wednesday, July 17, 2013 4 rs 
12 noon Eastern, 9 a.m. Pacific, 5 p.m. UK, 6 p.m. Central Europe * sy * * 


The core techniques used in toxicology studies have remained largely unchanged for over 40 years. It is acknowl- 
edged in the pharmaceutical industry that more predictive, earlier tests need to be established in order to prevent 
unsafe drugs progressing into the clinic and to stop potentially effective therapeutics being excluded from devel- 
opment. This recognition is driving the development of more relevant, specific, and reliable toxicology models and 
tests to improve drug safety and reduce the cost of development. In particular, the use of stem-cell-derived 
models can provide an opportunity to develop a transformative, integrated drug toxicity surveillance system. 


IN THIS WEBINAR VIEWERS WILL: Speakers 

¢ Gain insight into stem cell differentiation and control of cell fate using Hirdesh Uppal, Ph.D., DVM 
hepatocytes as a model, and how stem-cell—derived assays help improve Camemiecly : ara 
drug toxicity prediction accuracy San Francisco, CA 


e Hear how stem-cell-derived cardiomyocytes could overcome the 
shortcomings of existing cardiac animal models by providing more 
predictive assays 


e Learn how a human stem-cell—derived cell model, together with high- 
content analysis, provides deeper insights into drug mechanism of action 


e Have their questions answered live by our respected thought leaders! 
Liz Roquemore, Ph.D. 
GE Healthcare 
Cardiff, UK 


REGISTER NOW! 


webinar.sciencemag.org hy 


Brought to you by the 
Webinar sponsored by ae 
ublishing Office 


Science 


AV AAAS 


You've carefully 
designed your 
experiment. 


/™ 


Taylor Ngo,started at CST 8 
years ago and is currently in 
the Molecular Biology group. 


Does your antibody measure up? 


We validate all our antibodies in-house. If it's not specific, it doesn’t ship. 


my 


APPROVED 
Clean Band 
Extra Band Strong Signal 
Weak Signal 
= + Torint = + + IP 
- TFEB Antibody #4240: (A) WB analysis of Raji cell extracts, 
TX V24le DD» esa Beesy= DPI untreated (-) or Torin1-treated, using #4240 (Torin1 treatment induces 


1 \a0o ; " weSI TH dephosphorylation). (B) IP of TFEB from COLO 205 cells using #4240 
ame (lane 2) or Normal Rabbit IgG #2729 (lane 3). Lane 1 is 10% input. 


WB analysis of various cell extracts using two development samples at 1:1000 dilution. GAPDH 
(D16H11) XP® Rabbit mAb #5174 was used as a loading control. 


Please visit our website to request a copy of our new white paper — A Guide to Successful Western Blotting. 


ye Cell Signaling 


TECHNOLOGY® 


mp ee cellsignal.com/successfulWB 


© 2013 Cell Signaling Technology, Inc. Cell Signaling Technology® and XP® are trademarks of Cell Signaling Technology, Inc 
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Leow Imoect, Sicha! lafivence, Globo! Reach 
ASSOCIATE DIRECTOR 

University of California San Diego (UCSD) Clinical 
Translational Research Institute (website: http://ctri. 
ucsd.edu/Pages/default.aspx). The candidate should 
have a strong administrative, funding, and research 
record as well as an M.D., Ph.D., or PharmD for this 
ASSOCIATE or FULL PROFESSOR position. Please 
submit a cover letter, curriculum vitae, and summary of 
professional interests to: Dr. Michael Ziegler, UCSD 
San Diego, CA 92103-8341, or to e-mail: mziegler@ 
ucsd.edu. 

UCSD is an Equal Opportunity /Affirmative Action Employer. 


NEURO-ONCOLOGY RESEARCH 
FACULTY POSITION 


The Dardinger Neuro-Oncology Center at the Ohio 
State University Wexner Medical Center is seeking ap- 
plicants for a faculty position at the rank of Asso- 
ciate or Full professor. The successful candidate will 
be a funded investigator with research focus on topics 
that will synergize with existing research in the de- 
partment with a focus on topics that could include: 
tumor, migration /invasion, bioinformatics, develop- 
mental neurobiology, tumor stem cells, neuroimmunol- 
ogy, infection, inflammation or ischemia. The successful 
candidate will join a well-established Neuro-Oncology 
Program that is very active in developmental therapeu- 
tics and clinical trials. This position requires a Ph.D. 
and/or M.D. with relevant experience. Preference will 
be given to candidates with a track record of publications 
and successful extramural funding. The chosen candidate 
will be asked to set up an independent neuro-oncology 
laboratory within the Dardinger Neuro-Oncology Cen- 
ter. Attractive startup packages commensurate with 
experience. 

Applicants should submit curriculum vitae, state- 
ment of research plans, and arrange to have three let- 
ters of reference sent to: Russell R. Lonser, M.D., 
Professor and Chair, Department of Neurological 
Surgery, the Ohio State University Wexner Medical 
Center, N1047 Doan Hall, 410 W. 10th Avenue, 
Columbus, Ohio 43210. 

You may submit electronically to e-mail: melinda. 
freed@osumc.edu. 

The Ohio State University is an Equal Opportunity /Affirmative 
Action Employer. Women and minorities are strongly encouraged 
to apply. 
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www.ScienceCareers.org 


POSITIONS OPEN 


ASSISTANT/ASSOCIATE PROFESSOR of 
Immunology and Infectious Diseases 
Harvard School of Public Health 
Department of Immunology and Infectious 
Diseases 


The Department of Immunology and Infectious Dis- 
eases at the Harvard School of Public Health seeks 
outstanding candidates for the position of assistant or 
associate professor of immunology and infectious dis- 
eases. This is a tenure-ladder position, with academic 
rank to be determined in accordance with the success- 
ful candidate’s experience and productivity. 

Applicants must have a Ph.D., M-D., DVM, or equiv- 
alent degree. The successful candidate will build and 
maintain an internationally recognized extramurally 
funded research program focused on AIDS, with re- 
search emphasis on innovative strategies for prevention 
and control of HIV infection. Evidence of published re- 
search excellence in HIV/AIDS is required. Evidence 
of commitment to collaboration with colleagues in de- 
veloping countries and in other areas of public health 
is highly desirable. The candidate should possess the 
scholarly qualities required to mentor doctoral students 
in the graduate program in the Division of Biological 
Sciences. 

Please apply at website: https: //academicpositions. 
harvard.edu. 

For questions, please contact Stephen Heim, Depart- 
ment of Immunology and Infectious Diseases, e-mail: 
sheim@hsph.harvard.edu. 

Harvard University is committed to increasing representation of 
women and minority members among its faculty and particularly 
encourages applications from such candidates. 


ASSISTANT/ASSOCIATE PROFESSOR of 
Immunology and Infectious Diseases 
Harvard School of Public Health 
Department of Immunology and Infectious 
Diseases 


The Department of Immunology and Infectious 
Diseases at the Harvard School of Public Health seeks 
outstanding candidates for the position of assistant or 
associate professor of immunology and infectious dis- 
eases. This is a tenure-ladder position, with academic 
rank to be determined in accordance with the success- 
ful candidate’s experience and productivity. 

Applicants must have a Ph.D., M.D., DVM, or equiv- 
alent degree with extensive training and experience in 
microbiology and/or immunology. The successful can- 
didate will build and maintain an internationally recog- 
nized extramurally funded research program, with a 
special emphasis on mycobacteria and tuberculosis. We 
particularly seek individuals whose expertise comple- 
ments existing programs in the department. The can- 
didate should possess the ability to work collaboratively 
with other scientists and the scholarly qualities required 
to mentor doctoral students in the graduate program in 
the Division of Biological Sciences. 

Please apply at website: https: //academicpositions. 
harvard.edu. 

For questions, please contact Stephen Heim, Depart- 
ment of Immunology and Infectious Diseases, e-mail: 
sheim@hsph.harvard.edu. 

Harvard University is committed to increasing representation of 
women and minority members among its faculty and particularly 
encourages applications from such candidates. 
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Universitat 


Konstanz ETH 


The University of Konstanz, with its —¥ | Eidgendssische Technische Hochschule Zurich 
»Institutional Strategy to promote — ; Swiss Federal Institute of Technology Zurich 


Top-Level Research«, has been receiving conti- 
nuous funding since 2007 within the framework 


of the Excellence Initiative by the German Assistant Professor (Tenure Track) 


Federal and State Governments. 


The Zukunftskolleg of the University of Konstanz of SOcI a | N etwo rk An a lys | S 
is offering: 
up to six ZIF Marie Curie 5-year The Department of Humanities, Social and Political Sciences at ETH Zurich 

Research Fellowships (www.gess.ethz.ch) invites applications for a tenure track assistant professorship 


online @sciencecareers.org 


and in Social Network Analysis. The position is part of the interdisciplinary Behavioral n 

Studies Section and open to applications from all scientific disciplines. 
up to four Zukunftskolleg 5-year ; ; ; 5 
Research Fellowships The candidate should have an internationally recognized track record in Social Net- had 
: aoe : ; work Analysis and be able to build and sustain a strong research program. Further- ae} 
a eee more, he or she should document an ability to teach effectively and be clearly U 
mentation of individual research projects committed to doing research in an interdisciplinary environment. The new professor 0) 
(Salary Scale 14 TV-L). will be expected to teach undergraduate level courses (in German or English) and 1o) 
Fellowships will begin on June 1, 2014, and graduate level courses (in English) within the scope of the required electives in 5 
end on May 31, 2019. the humanities and social sciences. ETH Zurich offers an environment that expects om 
Reference number 2013/102 and supports high quality teaching and research. nv 


ee en Assistant professorships have been established to promote the careers of younger 


by September 30, 2013 using the Online scientists. The initial appointment is for four years with the possibility of renewal for 
Application Platform: www.zukunftskolleg.uni- an additional two-year period and promotion to a permanent position. 
konstanz.de/online-application 


Details concerning the appli- 


Please apply online at www.facultyaffairs.ethz.ch 


4 
}) cation, required documents, Applications should include a curriculum vitae, a list of publications and a statement 
and information about the of future research and teaching interests. The letter of application should be addres- 
Zukunftskolleg are available sed to the President of ETH Zurich, Prof. Dr. Ralph Eichler. The closing date for appli- 
_,,Zuhunttstoteg _0N1 OUr Website: cations is 30 September 2013. ETH Zurich is an equal opportunity and family friendly 


http://www.zukunftskolleg. 
uni-konstanz.de_ 


Contact: Dr. Nani Clow, 
e-mail: n.clow@uni.kn 


employer and is further responsive to the needs of dual career couples. In order to 
increase the number of women in leading academic positions, we specifically encou- 


rage women to apply. 


It’s not because we all wear white coats 
that we all do the same job 


Keck School of Medicine of USC 


Emerging Pathogens 
TENURE-TRACK FACULTY POSITIONS 
Department of Molecular Microbiology and Immunology 
USC Institute of Emerging Pathogens and Immune Diseases 
Keck School of Medicine 
University of Southern California 
Los Angeles, California 


John 


‘ Geneticist 
David Carole 
Bioinformatician Biologist 


The Department of Molecular Microbiology and Immunology at the 
Keck School of Medicine of the University of Southern California in 
Los Angeles, California, has an ongoing expansion to build upon existing 
strengths in Microbiology, Virology, and Immunology. 


The Department invites applicants for tenure-track Assistant and/or 
Associate Professor positions with a specific research emphasis on 


emerging pathogens and immune responses. We are especially interested 


in candidates whose research addresses biodefense pathogenesis-related, | N R A | S R = C R U | T | N G 


trans-disciplinary, and translational research topics. Creative scientists 
with a record of achievement and commitment to excellence in both 
research and teaching are encouraged to apply. Successful candidates will 
receive generous start-up packages and laboratory space along with access 


to a new Biosafety Laboratory 3 facility. The Keck School of Medicine First agricultural institute in Europe and second in the world, 
has strong research programs in Cancer, Genomics, Immunology, Stem the French National Institute for Agricultural is recruiting 


experienced scientists through open competitions on the 
basis of a research project: 


Applicants should submit a letter of application, curriculum vitae, * 6 Experienced Research Scientists (4 year’s experience 
a statement of current and future research plans, and three letters of in research) 
recommendation. Please complete faculty application through the USC job * 45 Research Directors (8 year’s experience in research) 


website at https://jobs.usc.edu/applicants/Central?quickFind=70592 
OO} ry Applications from 
28 June to 24 September 2013 


(Job Code 019806). 
on http /on http://jobs.inra.fr/en| inra.fr/en 


Cells, Neurobiology, and Virology. 


Photo credit: Corbis 


orc.fr- 


USC values diversity and is committed to equal opportunity in 
employment. Women and men, and members of all racial and ethnic 
groups are encouraged to apply. 
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There’s only one 
DR. SHIRLEY MALCOM 


lie Dr. Shirley Malcom, born and raised in the segregated South more than 65 years ago, a career based 

on her studies in science seemed even less likely than the launch of the Soviet’s Sputnik. But with Sputnik’s 
success, the Space Race officially started and, in an instant, brought a laser-like focus to science education 
and ways to deliver a proper response. Not long after, Dr. Malcom entered the picture. 

Although black schools at the time received fewer dollars per student and did not have sufficient 
resources to maintain their labs at a level equivalent to the white schools, Dr. Malcom found her way to the 
University of Washington where she succeeded in obtaining a B.S. in spite of the difficulties of being an 
African American woman in the field of science. From there she went on to earn a Ph.D. in ecology from 
Penn State and held a faculty position at the University of North Carolina, Wilmington. 

Dr. Malcom has served at the AAAS in multiple capacities, and is presently Head of the Directorate for 
Education and Human Resources Programs. Nominated by President Clinton to the National Science Board, she 
also held a position on his Committee of Advisors on Science and Technology. She is currently a member of the 
Caltech Board of Trustees, a Regent of Morgan State University, and co-chair of the Gender Advisory Board of 
the UN Commission on Science and Technology for Development. She has held numerous other positions of 
distinction and is the principal author of The Double Bind: The Price of Being a Minority Woman in Science. 

Of her active career in science, Dr. Malcom says, “I guess | have become a poster child for taking 
one’s science background and using that in many other ways: we ask questions; we try to under- 
stand what we find; we consider what evidence we would need to confirm or refute hypotheses. 

And that happens in whatever setting one finds oneself.” 

At Science we are here to help you in your own scientific career with expert career advice, 

forums, job postings, and more — all for free. Visit Science today at ScienceCareers.org. 


For your career in science, there’s only one | §clence MY AAAS 


ScienceCareers.org 


Career advice Jobpostings JobAlerts Career Forum Crafting resumes/CVs Preparing for interviews 


MAX-PLANCK-INSTITUT FUR 
BIOPHYSIKALISCHE CHEMIE 


KARL-FRIEDRICH-BONHOEFFER-INSTITUT 
GOTTINGEN 


The research group Electron Paramagnetic Reso- 
nance (EPR) spectroscopy at the Max Planck Insti- 
tute for Biophysical Chemistry is offering two 


Postdoctoral Positions 
(Code Number 22-13) 


in the field of biomolecular EPR spectroscopy and 
dynamic nuclear polarization, respectively. The work 
includes collaborative research within the research 
groups at our institute and at the international level. 
The successful candidates should have a PhD degree 
in Physics or Chemistry. Experience with magnetic 
resonance techniques or spectroscopy is required. 
The laboratory is equipped with state-of-the-art 
EPR spectrometers at frequencies from 9 up to 263 
GHz, as well as capabilities for double resonance 
techniques (ENDOR, PELDOR and DNP) and op- 
tical excitation. For additional information please 
refer to: www.mpibpc.mpg.de/english/research/ 
ags/bennati 


The positions will be available from September 1“, 
2013. Payment will be according either to the MPI 
postdoctoral fellowships or to the German TV6D 
standard. 


The Max Planck Society is trying to increase the 
percentage of women on its scientific staff and 
strongly encourages applications from qualified 
women. 


Please send your application with reference to the 
code number 22-13 preferably via e-mail to: 


office.bennati@mpibpe.mpg.de 
Max Planck Institute 
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The Cluster of Excellence ‘Engineering of Advanced Materials — Hierarchical Structure Formation of 
Functional Devices’ (EAM, www.eam.fau.de), funded by the German Research Foundation (DFG), at 
Friedrich-Alexander-Universitat Erlangen-Nirnberg (FAU), Germany, invites applications for a permanent 


W2 Professorship in Particle Synthesis 


The candidate should have excellent research qualifications in the area of bottom-up particle formation from 
gases or liquids, nanocrystal engineering, template-based synthesis (e.g. from emulsions), or materials 
chemistry. The candidate should exhibit strong expertise in particle characterization, particle functionalization 
and/or product engineering of particles for functional applications. Applicants are expected to have experience 
in interdisciplinary research and the necessary skills to develop an internationally recognized fundamental 
research program in close collaboration with other research areas of the Cluster of Excellence. She or he is 
further expected to play an active role in the ‘Center for Functional Particle Systems’ at FAU. 


The position also includes teaching duties in the curricula of the Department of Chemical and Biological 
Engineering. The successful candidate will moreover be expected to take on administrative duties and to 
raise external funding. 


Required qualifications include university graduate and doctoral degrees, excellent teaching skills, and a 
Habilitation or equivalent qualification, which may also have been acquired in a non-university context or 
through a post as a ‘Junior Professor’. 


The University of Erlangen-Nirnberg pursues a policy of intense student mentoring and therefore expects 
its teaching staff to be present during lecture periods. 


FAU is an equal opportunities employer. 


Application documents (curriculum vitae, list of publications and teaching activities, copies of degree 
certificates but no publications) and a brief summary of research interests should be submitted via e-mail 
to administration@eam.uni-erlangen.de by July 18, 2013. 


Cluster of Excellence Engineering of Advanced Materials 
Prof. Dr. Wolfgang Peukert, NagelsbachstraRe 49b, 91052 Erlangen, Germany 


for Biophysical Chemistry 

Research Group 

“Electron Paramagnetic Resonance” 

Prof. Dr. Marina Bennati a“ r 
Am Fassberg 11, 37077 Gottingen rie 
Germany www.fau.de 


ENGINEERING 
OF ADVANCED 
MATERIALS 


Faculty Positions in Genetics, Immunology, Infectious 
and Inflammatory Diseases 


The Department of Molecular Genetics and Microbiology at the University of 
New Mexico School of Medicine (http://mgm.unm.edu/index.html) is seek- 
ing two new tenure-track faculty members. Areas of interest are aligned with 
Institutional Signature Programs including: the Center for Infectious Disease 
and Immunity (CIDD), the Clinical and Translational Science Center (CTSC), 
the Brain and Behavioral Health Institute (BBHI), the Cancer Center (CC), 
and additional initiatives including stem cell research and others described 
on the MGM website http://mgm.unm.edu/index.html. 


Appointment is open rank, depending on qualifications and evidence of 
established research programs. The successful applicant will participate in 
departmental activities including medical school teaching. Salary and rank 
commensurate with qualifications and experience. 


Minimum Requirements: 
* Ph.D., M.D. or equivalent 
+ Eligible to work in the United States 


Desirable Qualifications: 
* strong record of scientific accomplishments 
* current grant funding with Principal Investigator status 
* high probability of obtaining and maintaining external funding 
* potential for research and educational interactions with members of the 
Department of Molecular Genetics and Microbiology 
* Synergy with UNM Health Sciences Center signature programs 


For best consideration apply by July 31, 2013. The position will remain 
open until filled. For complete details of this position or to apply, please visit 
this website: https://unmjobs.unm.edu. Please reference posting Number: 
#0820701. For additional information you may contact: Sally Ann Garcia, 
Search Coordinator, (505) 272-9374, SanGarcia@salud.unm.edu. 


The University of New Mexico’ confidentiality policy (Disclosure of 
Information about Candidates for Employment, UNM Board of Regents’ 
Policy Manual 6.7), which includes information about public disclosure 

of documents submitted by applicants, is located at 
http://www.unm.edu/~brpm/r67.htm 


UNM is an Equal Opportunity/Affirmative Action Employer and Educator. 


CoLuMBIA UNIVERSITY 
MEDICAL CENTER 


College of Physicians and Surgeons 


Department of Neurology 
Assistant Professor in Neurology 


The Department of Neurology, Columbia University seeks two 
full-time neurohospitalists at the level of Assistant Professor. 
Together with a neurohospitalist already in place, they pro- 
vide around-the-clock, year-round inpatient and emergency 
department acute stroke and other consultations at the Allen 
Hospital. The Allen Hospital is one of five major centers 
that form the NewYork-Presbyterian Hospital, the nation’s 
largest not-for-profit, nonsectarian hospital, with 2,409 
beds. NewYork-Presbyterian/Allen Hospital is located on the 
northern tip of Manhattan, at Broadway and 220th Street. 
It is a community hospital and serves northern Manhattan, 
Riverdale, and other communities in the Bronx. 


Faculty appointment is in the Department of Neurology, Col- 
lege of Physicians and Surgeons, the medical school of Columbia 
University. Applicants must have board certification or eligibility 
in neurology, with neurohospitalist fellowship training preferred. 


Send CV and letter of interest to 
Dr. Laura Lennihan, 1118@columbia.edu 
Or you may apply directly at: 
https://academicjobs.columbia.edu/applicants 
/Central? quickFind=57380 


Columbia University is an affirmative action/equal opportuniaty employer. 
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AAAS is here — helping scientists achieve career success. 


Every month, over 400,000 students and scientists visit ScienceCareers.org in search of the information, advice, and 
opportunities they need to take the next step in their careers. 


A complete career resource, free to the public, Science Careers offers a suite of tools and services developed specifically 
for scientists. With hundreds of career development articles, webinars and downloadable booklets filled with practical 
advice, a community forum providing answers to career questions, and thousands of job listings in academia, govern- 
ment, and industry, Science Careers has helped countless individuals prepare themselves for successful careers. 


As a AAAS member, your dues help AAAS make this service freely available to the scientific community. If you’re not 
a member, join us. Together we can make a difference. 


To learn more, visit aaas.org/plusyou/sciencecareers WN AAA - U = A 


AAAS is here — promoting universal science literacy. 


In 1985, AAAS founded Project 2061 with the goal of helping all Americans become literate in science, mathematics, and 
technology. With its landmark publications Science for All Americans and Benchmarks for Science Literacy, Project 2061 set out 
recommendations for what all students should know and be able to do in science, mathematics, and technology by the time they 
graduate from high school. Today, many of the state standards in the United States have drawn their content from Project 2061. 


Every day Project 2061 staff use their expertise as teachers, researchers, and scientists to evaluate textbooks and assessments, 
create conceptual strand maps for educators, produce groundbreaking research and innovative books, CD-ROMs, and profes- 
sional development workshops for educators, all in the service of achieving our goal of universal science literacy. 


As a AAAS member, your dues help support Project 2061 as it works to improve science education. If you are not yet a AAAS 
member, join us. Together we can make a difference. 


To learn more, visit aaas.org/plusyou/project2061 WN AAA + U = A 


Women in Science Booklet 


Science and the L’Oréal Foundation present 


WOMEN: IN)SCIENCE 


FOR WOMEN 
IN SCIENCE 
TH voreat, 
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This booklet is brought to you by the A 


Read inspiring profiles of women 
making a difference in biology. 


